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Abstract

PICOSECOND PHOTOLUMINESCENCE 
FROM SEMICONDUCTORS 

UNDER STATIC AND DYNAMIC STRESS

by

SH U N  LEE

Advisor: Professor R. R. A lfano

In this thesis, p icosecond laser generated shock w aves are used to apply stress 

to a sem iconductor. The effects o f  dynam ic (shock) com pression on the sem icon­

ductors G allium  Selenide, Cadm ium  Selen ide, and G allium  Arsenide are studied 

using photolum inescence techniques. The stress dependence o f  the radiative life ­

tim es in G allium  Arsenide is a lso  studied with tim e resolved photolum inescence  

experim ents.

In the shock com pression experim ents on G allium  Selen ide, the spontaneous 

and stimulated photolum inescence is attributed to an exciton exciton scattering 

m echanism . The shock com pression changes the band gap. The line broadening is  

related uniquely to the transient nature o f  shock com pression.

The shock profile has been measured in shock com pression experim ents on  

Cadmium Selenide. The tim e evolution o f  the stress com ponents from  a shock  

w ave propagating along the [001 ] direction in G allium  A rsenide is obtained from



the splittings and shifts o f  the photolum inescence spectra. The first observation o f  

shock com pression o f  a G allium  A rsenide quantum w ell along its growth direction  

has been observed.

Static uniaxial com pression experim ents are performed to study the hole  

dynam ics in G allium  Arsenide. Three major strain effects have been observed in 

this time and frequency resolved photolum inescence experim ent. The lines associ­

ated with the tw o topm ost valence subbands shift with stress. The stress depen­

dence o f  the effective m ass causes an enhancem ent o f  the absorption coefficient. 

The photolum inescence has a nonexponential tim e dependence. The bim olecular 

recom bination coeffic ien t B  is independent o f  stress, w hile the recom bination con ­

stant A has the stress dependence o f  the matrix elem ents. It is found that the e ffe c ­

tive lifetim e o f  the v l  holes decreases as a function o f  stress.
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1

I. In trod uction

1.1 Thesis Statement

In this thesis, the effects o f  dynam ic stress on the sem iconductors G allium  

Selen ide (G aSe), Cadm ium  Selenide (C dSe), and G allium  Arsenide (G aA s) are 

investigated using a pump-probe photolum inescence technique. U sing  this novel 

technique, shock com pression effects that can be observed are:

(1) the p icosecond laser generated shock w ave duration;

(2) the time behavior o f  the stress com ponents o f  the shock wave; and

(3) the m otion o f  the sem iconductor lattice behind the shock front, and its influ­

ence on the carrier dynam ics.

The application o f  static com pressive uniaxial stress is expected to change the 

carrier dynam ics. In this thesis, the lifetim es o f  the holes in G aA s and its depen­

dence on static com pressive uniaxial stress are studied using energy and time 

resolved photolum inescence spectroscopy.
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1.2 Introduction to Thesis

O ver the past three decades, system s com posed o f  sem iconductor m aterials 

have attracted a trem endous amount o f  experim ental and theoretical investigations. 

Stress, which is defined as the force per unit area, is an useful concept in describing  

the dynam ics o f  3-dim ensional system s. Studies o f  stressed sem iconductors not 

on ly  provide inform ation about the behavior o f  sem iconductors under stress but a lso  

help to im prove the theoretical understanding o f  unstressed sem iconductors (see for 

exam ple the rev iew s by P aul,1 Hamann,2 Poliak,3 Nlurri et.  a l .,4 M artinez,5 Jayara- 

m an,6 and Poliak7 ). An introduction to static stress and its influence on the e le c ­

tronic properties o f  sem iconductors is given in chapter II o f  this thesis.

Stress in a sem iconductor can be generated in many ways; from stressing the 

sam ple betw een tw o levers8 or tw o diam onds,6 to stress from the d ifference in 

expansion coeffic ien ts9 or lattice spacings.10 Another way o f  applying stress is  to 

generate shock w aves. A shock wave is characterized by a shock front. A shock  

front is a narrow boundary m oving with supersonic speed which separates a region  

under stress from  the original unstressed region (see figure 1.2.1). Shock w aves are 

described in chapter III o f  this thesis. One m ethod o f  generating shock w aves is to 

use ultrafast laser p u lses .11,12 An introduction to laser generated shock w aves is 

given  in chapter III o f  this thesis.

In this thesis, p icosecond laser generated shock w aves are used for dynam ic  

com pression o f  the sem iconductors G aSe, C dSe, and G aA s. Stress causes changes
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P

R

^  U s

Po

Figure 1.2.1. Schem atic representation o f  a shock wave. The shock front o f  both 

the idealized (— ) and the realistic (---) shock w ave is propagating with speed Us  

along the Jt3 axis o f  a sam ple.
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in the sem iconductor lattice. This in turn causes the sem iconductor band structure 

as w ell as the associated w ave functions to change. These stress induced changes  

causes the photolum inescence (PL) to change. U sing a pump probe PL technique, 

these stress induced changes can be monitored. In addition to the band edge sh ifts  

which have already been observed under static com pression, new phenom ena  

unique to dynam ic com pression via shock w aves can be observed. One such  

phenom ena is the evolution o f  the stress com ponents parallel (longitudinal stress 

com ponent) and perpendicular (transverse stress com ponents) to the direction o f  

shock propagation in a sem iconductor lattice. The effects o f  shock com pression on  

G aSe. C dSe, and G aA s are d iscussed in chapter IV o f this thesis.

T his thesis is organized into six chapters. In the second chapter, there is an 

introduction to static stress research together with the relevant mathematical back­

ground for stress and strain. This is fo llow ed  by an introduction to the use o f  

shock w aves as a m ethod for applying stress with particular focus on using a laser  

to generate the shock com pression, in chapter III. In chapter IV, the results o f  PL  

experim ents o f  G aSe, CdSe, and G aA s under stress are presented. In section 4 .2 ,  

the effects o f  shock com pression o f  G aSe are explained in the framework o f  an 

exciton exciton scattering theory. In section 4 .3 , the shock profile in C dSe is 

obtained from the shifts in the transitional energies under stress. This experim ent 

also su ggests the possib ility  o f  m onitoring both the longitudinal and transverse 

stress com ponents o f  the shock wave in G aAs. The main focus o f  this thesis is  on  

G aAs. In section 4 .4 , the determ ination o f  the time evolution o f  the transverse and
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longitudinal stress com ponents o f  the shock w ave in G aA s is presented. In section

4 .5 , the hole dynam ics in G aA s under static uniaxial com pression which have been 

studied via time resolved PL are presented. What has been learn during this thesis  

research are sum m arized in chapter V. F inally, possible future research suggested  

by this thesis are indicated in chapter VI.
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II. S ta tic  Stress

2.1 Introduction

In the study o f  the dynam ics o f  m acroscopic objects, the forces applied to an 

object are usually distributed over finite areas. It is therefore useful to introduce 

the concept o f  stress (w hich is defined as the force per unit area). Typical units o f  

stress are \k b a r  =  0.1 G P a  -  \ $ N  m ~ 2 =  \ ( f d y n e  cm~2 =  1.45x1 ()4/?.v/ =

1.45X104//? in '2 = 2 .0 9 x l( )6/ f r / f 2 =  7.5xlO-‘W  = 7 .5 x 1 0 * m m H g  =  987 atm.

Application o f  stress to an object results in deform ation (and perhaps m otion) 

o f  the object. Consider for exam ple the unstressed cubic isotropic object (with  

dim ensions L x L x L )  which is show n in figure 2 .1.1a, application o f  a uniform  

stress (in the jc3 direction) to the object causes the cubic solid  to deform  (see figure 

2.1.1b). Under stress, the ob ject’s new  dim ensions are 

| L  +  A L ] ]x |L  + A L 2] x [ L +  AL31, where AL i = e ltL  is the change in L along the / 

axis and a new quantity known as the strain (el() has been introduced. Strain is the 

fractional change in the length in a object. N o te1-* that a positive strain im plies an 

increase in the length o f  the object. The mathem atical form ulation o f  strain and 

stress is described in detail in the next section (2 .2).

Strain causes structural, electrical, and optical properties o f  sem iconductors to  

change. The various sem iconductor properties which change under stress14 are for  

exam ple: rem oval o f  degeneracies,1517 shifts in the band e d g e s ,18'25 and changes
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X

 > -

'1 STRESS

L + A L

L + A L

L + A L

(a) UNSTRESSED (b) STRESSED

Figure 2 .1 .1 . A  schem atic representation o f  a) unstressed and b) stressed object.



in the curvatures (effective m asses)14,24'32 o f  the electronic band structure. Other 

effects o f  strain in a sem iconductor include changes in the interband matrix e le ­

m ents,14, 33,34 as w ell as changes o f  the vibrational m odes.35'37

T o obtain a physical picture o f  how  strain influence the electronic and vibra­

tional properties o f  sem iconductors, consider a sem iconductor with a sim ple cubic  

lattice. The lattice constant =  d 2 =  d 3 =  d a is determined by the m inim um  in 

the potential energy o f  the sem iconductor crystal (see figure 2 .1 .2a). Consider a 

sem iconductor stressed along the Jt3 axis, so  that the new  lattice constant along the 

jc3 axis is d^ > d 0 . Under stress, the potential energy plotted as a function o f  the 

.t] (or x 2) lattice constant (see figure 2 .1 .2b) still has the same general shape as 

shown in figure 2.1.2a. In general, the m inim um  o f the curve does not occur at d 0 

and the new  lattice constant for the A] -  x 2 planes then becom es d {  -  d {  -  d ,. 

Therefore, there w ill be a decrease in the length along the JC] (jc2) axis for rf, < d a , 

(or conversely, an increase in length for rf, > d Q).

T hese changes in the lattice constants and lattice type (i.e., the original sim ple 

cubic lattice is distorted into a tetragonal lattice) cause the electronic and vibrational 

band structure to change. This is due to the dependence o f  the electronic and vibra­

tional band structure on the (lattice) potential. Consider the sim plified exam ple o f  a 

chain o f  three ions (see figure 2 .1 .3a), the ion in the center is under the influence o f  

the force from the tw o end ions. For small deviations from the equilibrium  p o si­

tion, the restoring force (F  or potential 0 )  experienced by the central ion can be
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Figure 2.1.2a. A  plot o f  the potential energy as a function o f  the lattice constant for 

an unstrained crystal.
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Figure 2.1.2b . A  plot o f  the potential energy as a function o f  the lattice constant for 

a strained crystal.



approximated by F =  kx = - V 0 .  It is im m ediately obvious that when the separa­

tion between the ions decrease (see figure 2 .1 .3b), the restoring force (F'  or poten­

tial 0 ' )  on the central ion has been changed to F '  = k'x =  - V 0 ' .  This im plies that 

for a sem iconductor under strain, the vibrational m odes change (due to k ’ *  k)  and 

the electronic band structure changes (due to 0 ' *  0). O f course, the situation in a 

3-dim ensional lattice is much more com plicated but this physical picture is still 

applicable.

This sim ple three ion chain m odel can be the basis for the analysis o f  a 3- 

dim ensional crystal. H ow ever, the number o f  coupled equations involved w ill be 

trem endous and at present, im possib le to so lve (w ithout sim plifications). R esearch­

ers have therefore devised alternate schem es for calculating the band structure. One 

enorm ously successful technique is to form ulate a Ham iltonian for the sem iconduc­

tor crystal using group theory. This approach is based on a very pow erful idea. 

Consider a system  which have certain sym m etries (e .g ., the system  rotated by 90° is 

identical to the original system ), the equation(s) describing this system  must also  

have these sym m etries, otherw ise, the equation(s) d o  not accurately describe this 

system .38 (N o te ,13 the equation(s) m ust include the sym m etry o f  the system  but it is 

possib le for the equation(s) to possess m ore sym m etry than the system .) Therefore, 

the strain Hamiltonian can be written as the sum o f  products (o f  various operators 

o f  interest) which are invariant under the sym m etry o f  the system . For exam ple, 

H £ =  Y * D t \ L k, O/, where L is the orbital angular m om entum  operator, o  is
i

the spin angular m om entum  operator, t i} is the strain tensor, and D , are constants.
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F = kx

a o
a o

- H  l  h -

(a ) UNSTRESSED

F' = k'x

a o

(b) STRESSED

Figure 2 .1 .3 . Schem atic representation o f  a) unstrained, and b) strained chain o f  

three ions.
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U sing this technique, the strain H am iltonians for cubic and wurzite lattices have 

been constructed by P ikus ,^ 9  K leiner and Roth , 15  Poliak , 19 Suzuki and H ensel ,28  

and C ho .4 0  For exam ple, the strain H am iltonians for zincblend materials are19

H c = - a l e n +  e22+ £33 ] •
(2 . 1 . 1a)

E l l  +  E22+  e 33 j + -U L }  -  I I 2 +  c.p.

+ 2<3d e 12{ L , ,  L 2} + c . p . J  ,

and

H s p in  =  2 ^ 2 E l l +  e 2 2+  e 33 L a  + 6  b 22 -11 L ,a  1 -  — L a +  c . p .

( 2 . 1 . 1b)

2^3 d \ Ei 2 (L 1a 2 + L 2a , )  +  c.p. (2 . 1 . 1c)

where a 2c , a  j ,  a 2 , b \ , b \ , d \ , and d \  are the deformation potentials, E^’s are the 

strain com ponents, L  and a  are the orbital and spin angular m om entum  operators, 

respectively. It is interesting to note that the strain H am iltonians for the valence  

band use the orbital and spin angular m om entum  operators instead o f  the total angu­

lar m om entum  operator (J). U sin g  the total angular m om entum  operator in the co n ­

struction o f  the strain Ham iltonian im plies that the coupling between the

/ - 3 /  -  1
2 " 3 ~  2 "

and /  - 1 j  - 1 
' ■  T J > - 2

wave functions can be neglected.
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The total Hamiltonian for zincblend materials can be written a s14

H  — H k + H so + Hc +  H orf, +  H Spm + H a c ( 2 . 1 . 2 )

where

* 2
H k =  V 2 +  V ( r )  +

n2k 2 n .——  + —k p
2m m

(2 .1 .3)

(2 .1 .4)

Hgj". is the exciton H am iltonian, and Ae is the spin-orbit splitting. From the strain 

Ham iltonians 2.1.1a, 2 .1 .1b , and 2 .1 .1c  and the spin-orbit interaction Ham iltonian

2.1 .4 , the stress induced shifts o f  the band ed ges can be calculated using perturba­

tion theory. This is described in detail in sections 4 .3  and 4 .4 .

For certain experim ental conditions, exciton s can have a strong influence on 

the experim ental observations. The exciton part o f  the Hamiltonian can be written

where o h is the valence hole spin angular m om entum  operator, a c is the conduction  

electron spin angular m om entum  operator, Aex is the spin exchange parameter, and 

££* is the exciton binding energy. N ote that Eg* in equation 2 .1 .5  can be stress 

dependent. This effect w ill be seen in the shock com pression experim ents on G aSe  

(section 4 .2). For the CdSe and G aA s shock com pression experim ents, no excitons  

are present and excitons effects need not be considered.

as.41

(2 .1 .5 )
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In the sem iconductors G aSe, C dSe, and G aA s that are studied in this thesis, 

there have already been experim ental studies o f  the static stress dependence o f  the 

band edges. In G aSe, the changes in the band edges have been studied using photo­

conductivity ,4 2  absorption ,4 3  absorption and transm ission ,4 4  and absorption and 

PL .4 5  In CdSe, the changes in the band ed ges have been studied with the changes  

in reflectance 4 1 ,4 6  In G aA s, the changes in the band edges have been studied using 

PL,22,23>4 7 4 9  absorption , 5 0  electroreflectance , 1 7 ,3 3  and photoreflectance . 18 In G aA s  

quantum w ells, biaxial strain has been used to apply a stress along the growth direc­

tion .51 These changes in the band edges w ill be the dom inate feature o f  the shock  

com pression experim ents described in chapter 4.

Strain effects can also influence carrier dynam ics. The rate o f  photon em ission  

due to the transition o f  an electron from the conduction band to one o f  the valence  

bands52  is

^ - U c2_v | < c | e  p | v>  I 2 , (2.1.6)
3 nc

where Ec_v is the separation in energy between the conduction band and the 

valence band, and | < c | e p | v >  | 2 is the matrix elem ent for dipole transition 

from the conduction band to the valence band. It can be seen from  equation 2 .1 .6  

that the radiative lifetim e is stress dependent v ia  the matrix elem ents and Ec _v . The 

principle reason for the stress dependence o f  the matrix elem ents is due to the 

m odification o f  the w ave functions by the strain Ham iltonian. A  specific exam ple  

o f  this is shown in appendix A 5. The stress dependence o f  the matrix elem ents has



been seen-*-* from the intensity o f  the p iezo-electroreflectance in G aA s. The stress 

dependence o f  the hole lifetim es has been indirect inferred from line shape analysis 

o f  resonance Raman scattering in G aA s .5 3 ’5 4  In this thesis, the stress dependence o f  

the lifetim es o f  the h o les in n-G aA s w ill be studied using time resolved PL.
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2.2 Stress and Strain

In this section, the general theoretical background needed to understand 

stressed sem iconductors w ill be described. Stress and strain are useful concepts in 

describing the dynam ics o f  3-dim ensional system s. A  "stress" (second rank) tensor 

Oy describes the vector force f*  relative to the normal vector o f  an area If,

d / ‘ = o „  d a 1 ( 2 .2 . 1)

Note that this can be written as o ,; =  ofj +  a * ,  where a;] = y o tJ +  a tJ is a

sym m etrical tensor and a * = j is an anti-sym m etrical tensor. S im i­

larly, a "strain” (second rank) tensor E iy relates the displacem ent vector i f  to a 

corresponding position vector x \

d u ‘ = Z tJ d x 1 . (2 .2 .2 )

This can be written as E,; = E;  ̂ +  E,-}, where E* = — is a sym m etrical

tensor and E/J =  — ‘j  2 is  an anti-sym m etrical tensor.

H ow  a system  elastically  deform s under a force is described by the elastic  

com pliance tensor c i]kl (or the elastic stiffness tensor c l]U) which relates the stress 

to the strain,

—•ij — Cijkl ®kl ’ (2 .2 .3a)

or

~ Cijkl '—Id (2.2.3b)
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Equation 2 .2 .3  describes the infinitesim al elastic deform ation o f  a solid  under 

an applied stress (H o o k e’s law). For finite deform ations, the relationship between  

an applied stress and the resultant deform ation is no longer linear (i.e ., expressions 

involve a sum o f  products o f  E tJ). For large stress, the deform ation is inelastic (i.e., 

rem oval o f  the applied stress does not totally rem ove the deform ation). H ow ever, 

for the m agnitude o f  stress (< 2 0 kba r)  that is applied in the experim ents to be 

described in chapter 4 , equation 2.2.3 is sufficient.

If there are no torques on the system  and rotations are not considered , 1 3 ’ 55 

then o ly = a Jt and E tJ =  Z ,,, respectively. The elastic com pliance tensor is also  

sym m etric. The stress tensor c . ,  is then redefine as

(2.2.4a)

The strain tensor is then redefine as

_ — s _  1 
£‘j = ~  T

1 dut du.
—1j +  “ ji ~  2 dxJ + dx ,

(2.2.4b)

B y convention , the stress tensor a tJ and the strain tensor Et] are often written as 

six-vectors. That is,

T  =

Oil Z.
°22

Q

and  £ =
°23
O3 1 ^5
0 12 A

(2.2.5a)

where the conventional normal strains (Zj =  £ n , =  £ 2 2 > and Z3 = £33) are given
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by

du.
I ,  = 3 —  for (i =  1 , 2 , 3) , 

dx,
(2.2.5b)

and the (engineering) shear com ponents ( I 4 = 2 £ 23, £ 5  = 2 c 31, and I 6 = 2 £ 12) are

du,  
I, = '

duj.

dx t dx,

for i = 4 ,  j  =  2 and k =  3

5, 3 1

6 , 1 2
(2 .2 .5c)

The elastic com pliance tensor c ljkl is then rewritten as with

v , (i =  1, 2, 3, 4 , 5, 6 . That is.

s  =

11 *12 *13 *14 *15 *16

*12 *22 *23 *24 *25 *26

*13 *23 *33 *34 *35 *36

*14 *24 *34 *44 *45 *46

*15 *25 *35 *45 *55 *56

*16 *26 *36 *46 *56 *66

( 2 .2 .6 )

Relationship 2 .2 .3a is then written as

c = sT .

For a hydrostatic pressure P ,  the stress vector has the fo llow in g  form:

- P  
- P

T = ^
1 " 0

0  

0

(2 .2 .7)

( 2 .2 .8 )

Consider G aA s for exam ple. The elastic com pliance for G aA s is 5 6
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5 j i  S \ 2 5 ^ 2 0  0  0

5 ]2  S j ,  5 ^  0  0  0

5 )2  $ 1 2  S zu  0  0  0

0  0  0  S*M 0  0

0  0  0  0  SJ4  0

0  0  0  0  0

(2 .2 .9 )

where S , ,  =  1 .2 x 1 0  3kbar  \  S , 2 = - 0 .4 x 1 0  3kbar  ’, and S i ,  =  1 .7x10  3kba r  ’ . 

For a hydrostatic pressure P , the strains (from  equations 2 .2 .7 , 2 .2 .9 , and 2 .2 .8) are

For a 10 kbar  hydrostatic pressure, the strains are £ n  = e 22 = e 33 =

-0 .4x lQ ~^k bar ~] ( lQkbar)  =  -0 .4 % . C onsider a cube o f  G aA s with d im ensions  

l x l x l c m 3, under stress the length becom es / ' =  / +  A/ = / + el  =

I cm  +  ( -0 .0 0 4 )  ( lc m )  =  0 .9 9 6 cm . Therefore, the volum e becom es

V ' =  0 .9 9 6 x 0 .9 9 6 x 0 .9 9 6 cm 3 =  0 .9 8 8 cm 3. T his im plies a 1.2% increase in the den­

sity o f  the G aA s sam ple under a 10kb ar  hydrostatic pressure.

S im ilarly, the stress vector for a [001] com pressive uniaxial stress X  has the 

form:

E 11 “  E 22 “  e 33 ~  “  5 ,1  +  2 5 12 \ P (2 .2 . 1 0 a)

and

2 £23 — 2 e 31 — 2 c j  2 — 0 (2 .2 . 1 0 b)



21

0

0

( 2 . 2 . 1 1 )

0
0

A gain considering G aAs, the strains using equations 2 .2 .7 , 2 .2 .9 , and 2.2.11 are

For a X  = 10kbar  (001) com pressive uniaxial stress, the strain along (001) is 

e 33 = - 1 .2 x lO '3/W w _1( 1 0 M ar) =  - 1 .2 %, and the strains perpendicular to [0 0 1 ] are 

e n  =  e 22 =  Q A x l O ^ k b a r ' H l O k b a r )  =  0.47c. Considering a cube o f  G aA s with  

dim ensions l x l x l c m 3, under [0 0 1 ] stress the length along [0 0 1 ] becom es 

/ '  = / + A/ = / +  el  =  1cm +  ( - 0 .0 1 2 ) ( lc m )  =  0 .988cm . Sim ilarly, the lengths per­

pendicular to [001] becom es / '  = /  + Al  =  I + e l  = l c m  -  ( -0 .0 0 4 )(1  c m )  =  

1.004cm . The volum e under [001] 10 kba r  uniaxial stress becom es

V  =  0 .9 8 8 x 1 .0 0 4 x 1 .0 0 4 cm 3 =  0 .9 9 6 c m 3. This im plies a 0.4% increase in the d en ­

sity o f  the G aA s sample under a [001] 10kbar  com pressive uniaxial stress.

The stress vector for a com pressive uniaxial stress X  at an angle 0  from [001] 

axis in the (110) plane can be obtained by rotating the stress vector 2 .2 .11 . The 

transformation o f  a tensor is g iven  by

E 11 ~  e 22 “  “ ^ 1 2 *  ’ (2 .2 . 1 2 a)

E33 =  - S l l *  - (2 .2 . 1 2 b)

and

2 e 23 -  2 e 31 -  2 e 12 -  0  . (2 .2 . 1 2 c)

(2.2.13)
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where for a continuous coordinate transformation, a  is  sim ply the 3x3  rotation 

matrix. The stress vector for a uniaxial stress X at an angle 0  from [001] axis in 

the ( 1 1 0 ) plane is

~ X  2 q—  sin^e

- ^ s i n 2 0
2

- X  co s20

- r ^ s in 0 c o s 0  
V2

^ - s i n 0 c o s 0

• 20  —— sin ^ 0

T  = (2 .2 .14)

The linear elastic relationship (2 .2 .7 ) between an applied force described by a 

stress vector (o ,7) and the resultant distortion o f  the lattice (ew ) is the basis upon 

which the shock com pression and the static uniaxial stress experim ents w ill be stu­

died.
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III. D y n am ic  Stress

3.1 Shock Waves

A shock w ave is defined by the presence o f  a shock front. A  shock front is a 

boundary m oving with supersonic speed. This m oving boundary separates two  

regions which have different therm odynam ic parameters. To help clarify this defin­

ition o f  a shock w ave, consider an idealized shock w ave, where the w ave front is 

stepw ise with a uniform pressure region behind it (see figure 1.2.1). T he wave 

front is m oving, and the stressed region (with pressure P ,)  is  grow ing at the 

expense o f  the unstressed region (with pressure P a ). For actual shock w aves, this 

idealized picture o f  the shock w ave is on ly  an approximation. U sually, the shock 

front has a width o f  1 nm to l()3nm . The duration o f the shock pressure behind the 

shock front is typically  103nm to 10bnm.  In general, the shock pressure profile is 

nonuniform  and nonsteady (i.e ., time dependent). Even though the shock wave is 

nonsteady and nonuniform , it must obey the conservation o f  m ass, m om entum , and 

energy.

For a laboratory or Eulerian coordinate system  (i.e ., one that is fixed in 

space ) , 5 7  the conservation requirements in a one dim ensional system  (with no 

energy sources or sinks) are:

1 ) m ass conservation,

(3.1.1a)
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2) m om entum  conservation,

3 , 3 0 3 5 ] ,  = - p  [ [ a ,« ] „  +  «

3) energy conservation,

; and (3.1 .1b)

0 3 3 _ 1

p p [(d-p + “ ^ 3 P (3 .1 .1c)

where p is the density, u {x ,  t )  is the pan icle  velocity , o 33 is  the stress, E  is the 

energy, 1 =
a

, and a , ]  =
a

a.v3 / ' J*3 ar

Another com m on frame o f  reference is the Langrangian coordinate system  

where the coordinate system  fo llo w s a panicle in the f lo w .57 In this system , 

x 3 =  x 3(/i, /) ,  where jt3 (h ) is the particle position at tim e t U =  0). The panicle

velocity  is then u = d,x-. , where

d,

a_
dt

. U sing

x 3
+ U 7x3 (3 .1 .2 )

and the relation betw een the density p and the initial density p Q (pd x 3 =  p(ydh from  

m ass conservation), the conservation requirem ents in the Eulerian system  can be 

transformed into the Langrangian system . From equation 3 .1 .1 , they are:

1) m ass conservation,

duU (3.1.3a)
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2 ) m om entum  conservation,

3) energy conservation,

[M.]=

= - p [ M. ; and (3.1.3b)

°33 i
f k p ]  ' ; (3 .1 .3c)

P p Ll

d
where dh i dh

T he conservation requirements are sim plier in the

Langrangian picture.

By defin ition , an idealized shock w ave (see figure 1.2.1) has a stress a 33, den­

sity p, energy £ ,  and particle velocity u,  which are constant (i.e., independent o f  

both x  and r) behind the shock front (m oving with velocity  Us ). The conservation  

relationship 3.1.1 sim plify to:

1 ) m ass conservation,

Pa Us =  P U s  -  u

2 ) m om entum  conservation,

°33 " (°33>0 = P o U s “ ; and

3) energy conservation.

£ - £ .  =  -  0 2
_1_ _ ^  

Po P

(3 .1 .4a)

(3 .1 .4b)

(3 .1 .4c)°33 +  (°33)o

These are often called the jum p conditions or H ugoniot equations, which relate the
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stressed region to the unstressed region.

In addition to the three conservation equations, another relationship (often  

called the specify ing equation, stress-strain equation, constitutive equation, or equa­

tion o f  state depending on the form o f  the equation) is needed to com p letely  deter­

m ine the system . For exam ple, given an equation o f  state

/ ( o 33, p, E ) =  0  , (3 .1 .5 )

equations 3 .1 .4 , an initial state ( (0 3 3 ),,, pc , Ea ), and a measured shock velocity  

Us , the shocked region parameters ( O3 3 , p, £ ,  u ) are uniquely determ ined since  

there are four independent equations for the four unknowns. Therefore, a test o f  

whether equation 3.1.5 is the correct equation o f  state for this system , is the co m ­

parison o f  the calculated parameters (using equations 3 .1 .4  and 3 .1 .5) w ith the 

measured parameters (e .g ., O33 and u).

One o f  the w ays that stress can be measured is to observe the P L .5 8  In this 

thesis, this use o f  the PL as a stress monitor is extended. By m aking use o f  the fact 

that a nonhydrostatic stress causes degenerate energy band ed ges to split, the 

transverse stress (o 22 ) as w ell as the longitudinal stress (O3 3 ) can be sim ultaneously  

determ ined by the observed PL. U sing this technique, the equilibration o f  the long­

itudinal and transverse stress com ponents o f  the shock w ave can be observed (and 

is described in section 4 .4 ). In addition to m easuring the stress com ponents o f  the 

shock w ave, an analysis o f  the change in the PL line shape can reveal phenom ena  

related directly to the shock propagation.
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Som e o f  the effects that have already been observed in shock com pression o f  

sem iconductors are changes in the conductiv ity , 5 9 ' 61 induced polarization , 6 0 ,6 2 ,6 3  

change o f  the Hall coeffic ien t ,6 4  phase transitions ,6 5 ' 6 7  and shifts o f  the P L . 58  In 

this thesis, interesting new  shock phenom ena can be seen, such as the m otion o f  the 

lattice under shock com pression (described in section 4 .2).

Shock w aves can be generated in m any ways. The m ost com m on w ay is to 

use ex p lo s iv es .6 8  The exp losives are used to generate the shock w ave in the sample 

directly or to accelerate a projectile (a flat flyer plate) w hich im pacts onto a sample 

(or into a sam ple mounted on a target plate). Shock pressures o f  up to 4 G b a r  have 

been generated using nuclear exp losions 6 9  Shock pressures o f  up to I M b a r  have 

been generated using flyer plates driven by exp losion s .6 8  There have a lso  been 

m odifications o f  this plate impact m ethod by using either com pressed gasses7 0  or 

m agnetic fie ld s71 to accelerate the plate. Shock pressures o f  up to 5Mba r  

( 1 0 0 k b a r )  have been generated using flyer plates driven by com pressed gasses7 0  

(m agnetic fie ld s71 ). Shock w aves can a lso  be generated using ultrafast laser 

p u lses .7 2 ,7 3  Shock pressures o f  up to 5 0 M b a r  have been generated using laser 

p u lses .7 4 ' 7 8  In this thesis, p icosecond laser pulses (with m odest intensities) w ill be 

used to  generate shock w aves with peak pressures o f  < 2 0 k b a r .  The process o f  

laser generated shock w aves is described in the next section.



3.2 Laser Generated Shock Waves

The generation o f  a transient pressure wave in a sam ple using a laser pulse can 

be broken into three stages. In the first stage, there is deposition o f  energy into the 

sam ple from the laser pulse, but no plasm a generation. In the second stage, there 

continues to be deposition  o f  energy from the laser pulse, and plasm a is being gen ­

erated from  the sam ple. There is, o f  course, lost o f  energy from the plasm a into the 

surroundings in this second stage. The third stage is signaled by the end o f  the 

laser pulse with the plasm a decaying via various energy losses.

In the first stage, as the front part o f  the laser pulse hits the sam ple, on ly  a 

fraction o f  the energy is absorbed with the rest being reflected. W ith EL (t)  defined  

as the amount o f  laser pulse energy w hich has pass through an area during a time 

interval r, the tim e o f  this first stage (T/) is defined by EL(xt ) = f / E L , where EL is 

the total energy o f  the laser pulse. In this first stage, the laser energy reflected is 

Q r =  R f t EL, and the laser energy absorbed in a volum e VA = A / a  is 

Q a =  ( 1 -  R ) f / E L, where R  is the reflectivity, a  is the absorption coeffic ien t, 

and A is  the spot size o f  the laser.

In this first stage, the laser energy deposited into the sam ple volum e VA is

Q ( z )  =  ( 1 - R  ) f , E L
ci
~A

e ~ az . (3 .2 .1 )

The deposition o f  energy into the sam ple causes the temperature to increase. The 

temperature increase is given by A T ( z )  =  - ~ - ,  where C  is the sp ecific  heat per
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unit volum e. This increase in temperature w ill cause a change in volum e  

AV =  V0 (3 P )A 7 \ where p is the linear expansion coefficient. The pressure exerted

AV
by this change in volum e is AP  = B ——, where B  is the bulk m odulus. Therefore,

*O

the stress due to heating7 9  is

o„ = - f l ( 3 p ) ^ 8 (, . (3.2.2)

To get an idea o f  the magnitude o f  the stress due to heating, consider for exam ple  

the situation where / / £ / , =  10(iJ, A =  2 x l(T 3o w 2, and X/ =  1 0 0 /s , and for an 

A lum inum  sam ple, the relevant constants (from the 1963 A1P Handbook) are 

B  = 1 5 U b a r ,  p = 3 x lO -5A - ], R  =  0 .9 , a  = 106c/w_1, and C = 2 J c m ~ 3K ~ x. U sing  

these values in equation 3.2.2 yields a thermal stress o f  ~ O A k b a r .

There is also an im pulsive pressure due to the m om entum  o f  the photons either 

reflected or absorbed. The im pulsive pressure P t is related to the change in 

m om entum  Ap  per unit time At.  In the first stage, the change in m om entum  is 

Q r Q a
Ap  =  2 ------ + ------- , where c  is the speed o f  light. Therefore,

c c

1 fa,  (1 +  R ) f t EL
Et ~ ~r^ ~   t  —  ■ (3-2.3)

A At AX/C

T o get an idea o f  the magnitude o f  the im pulsive pressure consider for exam ple the 

situation where f t E L =  lO pJ, A =  2 x 1 0 ~3c m 2, X/ =  1 0 0 /s , and c  =  3 x lO - 5c m / s -1 , 

and a sam ple with R  =  0 .9 . U sing  these values in equation 3 .2 .3  y ie ld s a pressure 

o f  P,  ~ 0 .0 3 kbar.
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The transition from the first to the second stage is a gradual one. Taking the 

start o f  the second stage as w hen enough energy is deposited by the laser for som e 

o f  the sam ple surface to vaporize (i.e ., ablation). The generated plasma heats and 

also exerts pressure on the sam ple. This plasm a reaches a constant density8 0  

because as the plasm a density exceed s pc m ost o f  the photons are absorbed by the 

plasm a causing the density to decrease; conversely , if  the density is less then p0 , 

the photons are absorbed by the sam ple surface and via ablation, the plasma density  

increases.

T his expansion o f  a constant density plasm a is no longer true, if  the plasm a is 

confined between the sam ple surface and a overlay which is transparent to the laser 

pulse. W hen the expansion o f  the plasm a is lim ited by the overlay, the plasma den­

sity increases (via ablation o f  the sam ple surface) until the plasma is dense enough  

to absorb all the photons. Then, all o f  the photons go  into heating the plasma.

Finally, the end o f  the laser pulse signals the start o f  the third stage. In this 

stage, there is a net loss o f  energy and mass from the plasm a. The plasm a starts to 

dissipate. H ow  long the plasm a lasts depends on the rate o f  loss o f  energy and 

m ass to the surroundings. N ote that for the situation where there is a transparent 

overlay, the energy losses due to  plasm a expansion and m ass blow o ff  are virtually  

elim inated. In both cases, there is loss o f  energy via transfer o f  thermal energy to 

the surrounding, em ission  o f  radiation (from the IR to x-ray ) , 81 and deposition from  

the plasm a onto the sample (and if  present, the transparent overlay).



For the last tw o stages, the pressure being transmitted into the sam ple is 

m ainly due to the pressure o f  the plasm a on the sam ple . 81 There is  also som e con ­

tribution to the pressure from the heating o f  the sam ple by the plasm a. To get an 

idea o f  the m agnitude o f  the pressure exerted by the plasm a, consider a very sim ple 

m odel. B y m odeling the plasm a as an ideal m onatom ic gas, it is easy to obtain a 

value for the m agnitude o f  the pressure. The pressure o f  an ideal gas is

P  =  y  nRT.  The temperature o f  an ideal m onatom ic gas is related to the internal

3
energy by U  =  — nRT.  A ssum ing that U = Q E ( 1 ~ f t ) E L (w here Qp  is the net

e ffic ien cy  o f  the coupling o f  the laser energy into the p lasm a), the pressure o f  the

( 1  ~ f i ) E L2 Q e -  2  Q f
plasm a is P =  - ^  (1 ~ f / ) E L = , where the volum e o f  the

A

plasm a is  V = L PA.  For the situation where (1 - f / ) E L =  25m J , A =  2 x lO _3cm 2, 

1 1 =  1 0 0 /s ,  and with Qp  =  0.1 and L P =  10pm , the pressure exerted by the plasm a  

is - 8 kbar .  T his extrem ely sim ple m odel for the plasm a should not be taken seri­

ously  since the interaction o f  the laser pulse with the plasm a as w ell as the decay o f  

the plasm a is very com plex. The pressure exerted by the plasm a decreases as the 

plasm a starts to dissipate.

The above describes the formation o f a transient pressure w ave. The pressure 

generated in the first stage is generally neglig ib le com pared to the last tw o stages. 

G enerally, for p icosecond and nanosecond laser pulses, the generation o f  the plasm a  

in stage 2  is extrem ely rapid, so that the m oving boundary know n as a shock front



is generated and the transient pressure w ave is known as a shock w ave. Even if  the 

plasm a generation is slow , eventually a shock front w ill form  as the pressure wave 

travels8 2  (provided the energy propagation losses are not too great). The experi­

mental im plem entation o f  shock w ave generation using p icosecond laser pulses is 

described in the next section.
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3.3 Experimental Method for Laser Generated Shock Compression

To generate the shock w ave, a m ode-locked picosecond N d ^ . Y A G  laser (C on­

tinuum) is used (see figure 3.3.1). The laser oscillator (OSC) is com posed  o f  a 

(21mm diam eter by 5mm thick) concave dielectric mirror with a 1 9c m  radius o f  

curvature, a 93mm long (7mm diam eter) 0.9% N d ^ . Y A G  laser rod (with hard 

dielectric AR coatings on the Brewster cut faces), and an etalon. The laser rod is 

pumped by 2 linear ( l a t m  Krypton) flashlam ps. This laser is m ode-locked and Q- 

sw itched by 1mm o f  m ode-locking dye #9740 (Eastman Kodak) in 1,2 

dichloroethane (Eastman Kodak) which is in optical contact with the con cave mir­

ror. The m ode-lock ing is actively assisted by an acousto-optic crystal (IntraAction) 

in this oscillator cavity.

From this oscillator cavity (O SC ), a train o f  - 1 0  pulses is beam expanded by a 

telescope. Out o f  this train o f  pulses, one pulse is selected by a pulse slicer (see PS 

in figure 3 .3 .1). The pulse slicer is com posed o f  a dielectric polarizer, a doub le­

crystal Pockels cell (Laserm etrics), and a G lan-Taylor polarizer. The P polarized  

pulse train (see figure 3 .3 .2) is  deviated by the G lan-Taylor polarizer onto a fast 

photodiode w hich triggers an avalanche chain o f  NPN transistors. The output from  

the avalanche transistors is applied to the double-crystal P ockels cell 

( V \ / 2  — 3 .6kV)  causing one o f  the pulses in the train to becom e S polarized. This 

S polarized laser pulse then passes through the G lan-Taylor polarizer undeviated.
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PS

SHG

OSC AMP

Figure 3 .3 .1 . B lock diagram o f the p icosecond m ode-locked laser, where O SC  is the 

laser oscillator, PS is the pulse sheer, AM P is the laser am plifier, and SHG is the 

second harmonic generator.



Figure 3.3.2. Picture o f  a pulse train which is deviated by the G lan-Taylor polarizer 

in the pulse slicer (PS). The arrow show s the position o f  the pulse which is unde­

viated by the G lan-T aylor polarizer.
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kd P 4

A / 2  — — h R 3

AMPLI FI ER

/
- X / 4

" d P 3

X / 2 - >- h R 1

Figure 3.3.3. Schem atic diagram o f  laser am plifier (A M P in figure 3 .3 .1) where dP3  

& dP4 are dielectric polarizers and hR l & hR3 are X /2  plates.
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The pulse w hich is selected  by the double-crystal P ockels ce ll is then am pli­

fied in a double pass am plifier (A M P in figure 3.3.1). The am plifier geom etry is 

displayed in figure 3.3.3. The incident pulse is P  polarized by an X / 2  plate (h R l)  

which allow s it to pass a dielectric polarizer (dP3). The pulse is then am plify by a 

115mm long (9 .52m m  diam eter) 0.9%  N d ^ . Y A G  laser rod (with hard dielectric AR  

coatings on the 2° cut faces) which is pump by 4  linear 2atm  Krypton flashlam ps. 

A X /4  plate is  used to com pensate for the birefringence8 3  o f  the am plifier rod. 

The pulse is then S polarized by an X / 2  plate (hR3) which a llow s it to reflect o f f  a 

dielectric polarizer (dP4). After beam expansion by a telescope, dielectric mirrors 

bring the pulse back to the dP3 polarizer for a second pass through the am plifier  

rod. The double am plified pulse is then P polarized by the hR3 X / 2  plate, which  

allow s it to pass through the dP4 polarizer. The output from the am plifier (A M P) 

is sent into a second harmonic generator (SH G ). In the SHG, a portion o f  the 30ps  

1.06pm  am plified laser (pum p) pulse is converted by a (98% D ) K D * P  type I cry­

stal (Inrad) to the second harmonic (532nm 27p s )  for use as the probe pulse.

The ( - 3 5 m J )  30p s  1.06pm  laser pump pulse is separated from the (~ 3 p 7 )  

21ps  5 3 2 nm laser probe pulse by a harmonic beam  splitter (B S in figure 3 .3 .4). 

The pum p pulse is  then focused to a -5 0 0 p m  spot size by a 15cm focal length 

plano-convex lens (FL1) onto a 20pm  thick aluminum foil to generate the shock  

w ave (see figure 3 .3 .5). The shock-w ave in the aluminum foil can then propagate 

into the sem iconductor sam ple (w hich is in m echanical contact with the fo il). The 

sem iconductor sam ple and the alum inum  foil are supported by tw o quartz d iscs  (see
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WHITE
CELL

DP2

DPI

Figure 3 .3 .4 . Schem atic diagram o f  the shock com pression experim ental set up (see  

text).
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Pum p Beam
Liquid N itrogen  Dewar  

—  Al foil 

/ —  S am ple

FL1

FL3

PL Signal

FL2

Q uartz d isc s

Probe B eam

Figure 3.3.5. Schem atic diagram  o f  the shock com pression sam ple geom etry (see  

text). FL1, FL 2, and FL3 are 15cm focal length plano-convex lenses.
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figure 3.3 .5) in a copper sam ple holder. For low  temperature m easurem ents, the 

sample holder together with the sem iconductor sam ple, alum inum  foil, and quartz 

discs are suspended in a liquid nitrogen optical dewar (see figure 3.3.5).

In order to study the effects o f  shock w ave on the sem iconductor, a probe 

pulse is needed to photoexcite the sem iconductor to its non-equilibrium  state. The 

probe pulse w hich is separated from the pump pulse by a harmonic beam splitter 

(see BS in figure 3.3.4) can be delayed relative to the pump pulse by prism s (DPI 

& D P2) and a white cell. This delay betw een the pump and probe allow s the study 

o f  different slices o f  the shock profile f rom  changes in the photolum inescence em it­

ted from the sem iconductor.

The PL from the electron-hole plasm a (EHP) generated by the probe pulse is 

dispersed by a 215mm  crossed C zem y-Turner spectrograph with a 300 g ro oves /m m  

grating (Jarrell-Ash) and detected by a m ulti-alkali photocathode coupled to a pho­

todiode array via a m icrochannel plate (Princeton Applied Research). The cooled  

photodiode array (T  =  - 1 5 ° C )  is control by an optical m ultichannel analyzer 

(Princeton A pplied Research) which is interfaced to a P D P 1 1 /2 3 +  m inicom puter 

(D igital Equipm ent).84 For data analysis, the collected  data are transferred from  the 

P D P 1 1 /2 3 +  m inicom puter to a V A X 1 1 /7 8 0  com puter (D igital Equipment).
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IV . S em icon d u ctors  U n d er  Stress

4.1 Introduction

In this chapter, the results o f  PL experim ents o f  G aSe, C dSe, and G aA s under 

stress are presented. In section 4 .2 , the effects o f  shock com pression o f  G aSe w ill 

be explained in the fram ework o f  an exciton exciton scattering theory. In section  

4 .3 , the shock profile in CdSe is obtained from the shifts in the transition energies 

under stress. T his experim ent a lso  suggests the possib ility  o f  m onitoring both the 

longitudinal and transverse stress com ponents o f  the shock w ave in G aA s. In sec­

tion 4 .4 , the determ ination o f the time evolution  o f  the transverse and longitudinal 

stress com ponents o f  the shock w ave in G aA s is  presented. In section 4 .5 , the hole  

dynam ics in G aA s under static uniaxial com pression w hich have been studied via 

time resolved PL is presented. In section 4 .6 , the determination o f  the transverse 

and longitudinal stress com ponents o f  the shock w ave in a G aA s quantum w ell is 

presented.
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4.2 Gallium Selenide

The first sam ple that is studied under shock com pression is G allium  Selenide  

(G aSe).8-5,86 The main effect o f  the shock com pression on G aSe is to change the 

band gap energy. The decrease o f  the band gap energy causes characteristic 

changes in the PL spectra within the framework o f  the exciton exciton scattering 

m odel. These changes in the PL spectra as w ell as a shock induced line broadening 

effect w ill be described in section 4 .2B . The background inform ation needed to 

explain the changes in the PL under shock com pression is described in the next sec ­

tion.

4.2A Unstressed GaSe

G aSe is a III-VI sem iconductor which crystalizes in a layered structure. Each 

layer is com posed o f  double planes o f  G allium  atom s sandwiched by single planes 

o f  Selenium  atom s.87 S ingle crystals o f  G aSe can have layers stacked with period 

three (y polytype) and with period tw o (P and e polytypes). The e polytype has 

D^h hexagonal sym m etry.88

For the PL experim ent, a 50p/n e-G aSe single crystal is coupled to a 2()(Jm  

alum inum  foil with mineral o il, which is then sandw iched betw een tw o 6 .35mm  

thick Pyrex d iscs. The alum inum  foil is necessary on ly  for the shock experim ent 

and d oes not affect the PL spectra. The c axis o f  the crystal is perpendicular to the 

front surface. The probe pulse which is collinear with the c axis is focused  to a
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350 |i/n  diam eter spot on the front surface o f  the sam ple. PL data are recorded with 

the sam ple at room  temperature. A representative spectra o f  the spontaneous PL  

from G aSe for a probe energy o f  400n7 is show n in figure 4 .2 .1 . It can be seen  

that the spontaneous PL has a sym m etric line shape (with a FW HM  o f  ~112m<?\') 

which peaks at - 1 965mcV.

T w o possib le m odels for the PL spectra are the electron hole plasma (EHP) 

m odel and the exciton  exciton scattering m odel. The line shape due to the EHP 

m odel has been given by Y oshikuni et. a l  89 as

Isp{ h v ) = I ? p ( h v - E g )'he - * ‘<l" ' - £‘ ) , (4 .2 .1)

where l ”p is a constant, Eg = Ep -  is the reduced band gap energy, Ep is the
2Pr

peak energy o f  the em ission  band, pr = khTc , and Tc is the carrier tempera­

ture. The EHP line shapes (equation 4 .2 .1 ) for Ep =  \ 9 1 3 m e V  and Tc =  300K ,  

400/C, 500 K ,  and 6 0 0 K  are show n in figure 4 .2 .2 , together with the experim ental 

line shape (from the unshocked G aSe spontaneous em ission  PL shown in figure

4 .2 .4 ).

For the exciton exciton scattering m odel, the line shape has been calculated by 

M oriya and Kushida90 using second order perturbation theory. For the process o f  

tw o excitons scattering into an electron hole pair with the em ission  o f  a photon  

(expressed sym bolically  as [£* ', £ * ’] —» [ /iv , e - h \ ) ,  the initial energy o f  this process  

is
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WAVELENGTH (nm)
7 5 0  7 0 0  6 5 0  6 0 0

1 6 0 0 1 8 0 0  2 0 0 0  
ENERGY (meV)

2 2 0 0

Figure 4 .2 .1 . A  plot o f  the unshocked (— ) and shocked (— ) spontaneous em ission  

spectra from G aSe at low  probe intensity (400nJ).
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Figure 4 .2 .2 . A plot o f  the spontaneous em ission from G aSe together with the line 

shapes due to the EHP m odel (equation 4 .2 .1 ) for various temperatures Tc (see  

text).



and the final energy is

E j  = h v  +
h2k }

E , + E b +
2m e

n2k l
, (4 .2 .2b)

l m h

where Ex =  Eg -  Eb , Eg is the bandgap energy, E b is the binding energy o f  e x c i­

ton, and K ,  ke , and kh (mx s  m c + mh , me , and m h) are the w ave vector (effective  

m ass) o f  the exciton , electron, and hole, respectively. The line shape for the 

[£)}', £ * ’ ] —» |A v , e - h ]  process is90

. , ,  . Isp p (A v)p ,A v
/ r/)(/iv ) = ---------  — ------------- — rlxx  . (4 .2 .3a)

(/?v -  EXY  +  (n a / z ) E :

where

1„  = J d t f d t ------------5 - e ~' -PA £ . - £ » -  *v -  4)2/4/  ̂ (4 .2 .3b)
o o (1 +  £ / E b )

I™ is  a constant, p (/iv )  is the density o f  photon m odes, E is the dielectric constant,

ft. * ‘ "  1-1, and Tx and a  are the temperature and the polarizability o f  exciton ,

respectively. Equation 4 .2 .3a  has a Lorentzian form (((to  -  (ti0 )2 +  y2(a2]~l ) m ulti­

plied by several factors, and is therefore expected to g ive a distorted Lorentzian line 

shape. N ote that as y  increases, the width o f  the line shape increases. The dim en- 

sion less parameter y = n a / e  describes the coupling betw een the photons and the 

excitons.

The theoretical line shape calculated using equation 4 .2 .3  (with the exciton-
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photon coupling coeffic ien t 7 ta /e  =  3 .3x lO -3 , Tx =  500K \ Eb =  20m e V , and 

Ex = 2 .0 eV )  is shown in figure 4 .2 .3  together with the experim ental line shape 

(from the unshocked G aSe spontaneous em ission  PL show n in figure 4 .2 .4).

From a com parison91 o f  figures 4 .2 .2  and figure 4 .2 .3 , it is clear that the spon­

taneous em ission  com es from exciton exciton  scattering into an electron hole pair 

with em ission  o f  a photon.

Stim ulated em ission  is observed by increasing the probe energy beyond the 

threshold energy o f  5 x 1 0 1W / c m 2. A representative spectra o f  the stimulated PL is 

shown in figure 4 .2 .4  (for a probe energy o f  3 \U ) .  The stimulated PL em ission  line 

peaks at — 1890meV  (with a FW HM  o f  ~ 2 0 me V) .  In this figure, the spontaneous 

PL em ission  is also observable at - 1 9 6 5 m e V  (with a FW HM  o f  -lO O m cV ).

The stimulated em ission  line shape for unsaturated gain is given by

l sl( h v )  =  l esl° e {* {hv)l)  . (4 .2 .4 )

The spectral gain due to the | £* ’, Ek ] —> [ /tv , e - h ]  process has been given by 

M oriya and Kushida92 as

i?(/iv) = I eg° l ^ i h v )  1-ti<?P' |/,v- (£‘ - 2£‘ )]] , (4 .2 .5 )

where

T1 =

2 3/2
ne nh

m em h
(4 .2 .6 )

Ig° is a constant, and nx , ne , and nh are the density o f  the exciton , electron, and
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Figure 4 .2 .3 . A plot o f  the spontaneous and stimulated em ission  from G aSe together 

with the fit using equations 4 .2 .3  and 4 .2 .4  (see text).
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Figure 4 .2 .4 . A plot o f  the unshocked (— ) and shocked (— ) stim ulated em ission  

spectra from G aSe at high probe intensity (3 \xJ).
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hole, respectively. The theoretical line shape calculated using equations 4 .2 .4  and 

4 .2 .5  (with the exciton-photon coupling coefficien t T ta /e  =  3.3xlC T3, Tx = 500AC, 

Eb = 20m e V ,  Ex =  l . O eV )  and rj =  2 .0  is shown in figure 4 .2 .3  together with the 

experim ental line shape (from the unshocked G aSe stim ulated em ission  PL shown  

in figure 4 .2 .4 ).
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4.2B Shock Compressed GaSe

In this section, the changes o f  the G aSe PL under shock com pression are 

described on the basis o f  the exciton exciton scattering m odel. For the shock 

com pression experim ent, a 35mJ  pump pulse w hich is collinear and counter- 

propagating relative to the probe pulse is focused to a 450p^w diam eter spot on the 

alum inum  foil in order to generate the shock w ave. Data are recorded with the 

sam ple at room  temperature. A representative spectra o f  the PL from the 

unshocked and shock GaSe for two different probe energies is show n in figures 

4.2.1 and 4 .2 .4  (4 0 0 nJ and 3 | i / ,  respectively). In figure 4 .2 .1 , the spontaneous PL 

em ission  from the unshocked G aSe peaks at ~ 1965m eV  (with a FW HM  o f  

-H O m eV ). Under shock com pression, the spontaneous PL em ission  from  G aSe red 

shifts to ~1880m eV  (with a broaden FW HM  o f  - l l O m e V ) .  In figure 4 .2 .4  the 

spontaneous PL em ission  from the unshocked G aSe peaks at ~ 1 9 6 5 m c\7 (with a 

FW HM  o f  -lO O m eV ). Due to the higher probe energy, there is also stim ulated PL 

em ission  from  the unshocked G aSe at ~  1910m e V  (with a FW HM  o f  ~ 2 0 meV) .  

Under shock com pression , the spontaneous PL em ission  from  G aSe red shifts to 

~1890m eV  (with a broaden FW HM  o f  ~ 1 9 0 meV) .  The stim ulated PL em ission  

from G aSe also red shifts (to ~1810m eV ) and broadens (with a FW H M  o f  

- 3 0  meV) .

In figure 4 .2 .1 , a spectral red shift o f  - 2 8 nm ( - 8 5 m e V )  o f  the spontaneous 

em ission  line from  G aSe can be observed under shock com pression. T o obtain the
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pressure dependence o f  the PL peak, consider the peak energy Ep from equation  

4.2 .2 . Implicit in this equation is the conservation o f  energy, E j  =  £ , .  By n eglect­

ing the contributions due to changes in kinetic energy, this becom es

equation 4.2.7 yields

d£_
=  - 5 .0 m e V / k b a r  . (4 .2 .10)

d(J33

A ~ 8 5mcV  red shift corresponds to a shock pressure o f  17kbar .  T his agrees with  

shock pressure m easurem ents using an x-cut quartz transducer.

Another significant feature o f  the spontaneous em ission  line from G aSe under 

shock com pression is the broadening o f  the spectral line width (see figure 4 .2 .1 ). 

One possible line width broadening m echanism  is pressure inhom ogeneity. H ow ­

ever, the shock pressure (-2 0 %  transverse and - 0 .5 kbar  longitudinal) inhom o­

geneity is not enough to explain  the observed broadening. A nother possib le line 

width broadening m echanism  is the change in the temperature o f  the excitons under

E P ~  E x  ~  E b  =  E g  ~  2 E b ■ (4 .2 .7 )

From the reported pressure dependence o f  the energy gap,9-*

.  -g =  - 6 .2 meV/kbar  , 
d a 33

dEg
(4 .2 .8 )

and exciton binding energy,

-Q.bmeV/khar (4 .2 .9 )
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shock com pression. This temperature change im plies a change in the distribution o f  

the exciton s as a function o f  m om entum  ( (K |). B ecause o f  the Doppler effect, the 

frequency o f  the em itted radiation from the excitons is slightly different for excitons  

with different m om entum s. The D oppler line width has been calculated by Yariv94 

and is g iven  by

2 K
=  - i

c

2ln2
1/2

(4 .2 .11)

From equation 4 .2 .1 1 , the observed broadening w ould require the exciton tempera­

ture to increase to  1700AC from 4 3 4 K .  H ow ever, the observed shock com pression  

data does not show  any significant temperature increase.95 A lso , thermal broadening 

causes the line shape to be G aussian in disagreem ent with the observed Lorentzian 

line shape.

A m echanism  which can explain the significant line broadening is the shock  

w ave induced co llision  broadening.86 In this m echanism , the excitons suffer phase- 

perturbing co llision s with the lattice m olecules which are m oving with particle v e lo ­

city u behind the shock front. The collisional frequency for each exciton is

f  c ~ &x M̂ mol ' (4 .2 .12)

where ax is the Bohr radius o f  the exciton and n ^ j  is the m olecular density. U sing  

equation 3 .1 .4b , this becom es

f c  ~ a ‘
° 3 3

n mol (4.2.13)
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The line broadening is then

V c
AX =  _  Av =

c c K m V s
>33 (4 .2 .14)

U sing 9 6  ax =  3.1 nm  and n ^  =  2 x 1 0 ~^c/n \

AX -  [\.7>nm/kbar]<5T)Tl . (4 .2 .15)

For o 33 =  11 kbar ,  AX =  2 2 nm in agreement with the experim ental data (see figure

4 .2 .5 ).

For the stim ulated em ission  line (see figure 4 .2 .4 ), a red shift and broadening 

is a lso  observed. H ow ever, the red shift ( - 3 6 nm or -lO O m eV ) o f  the stimulated 

em ission  line is larger than the spontaneous em ission  shift ( - 2 4 nm  or - l O m e V ). 

There is also an observed intensity decrease. The broadening o f  the stimulated  

em ission  is a direct consequence o f  the broadening o f  the spontaneous em ission  

(equation 4 .2 .5 ). The larger red shift as w ell as the intensity decrease can be 

explained by the reduction o f  the (exciton exciton scattering) gain due to the shock  

w ave induced band gap shrinkage. An increase in the effective value o f  T| causes 

both an decrease in intensity and a larger red shift. From equation 4 .2 .5 , the pres­

sure dependence o f  rj is

(4 .2 .16)

•
dE,

-P. g
dP ~ 2^P

= T1 e .

The observed decrease in intensity is  given by

= M s - g V
l sl

(4.2.0)
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Figure 4 .2 .5 . A plot o f  the observed broadening together with equation 4 .2 .15 .
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From O33 =  l l k b a r ,  T) =  2, and equation 4 .2 .5 , —  -  1 = - 0 .8 6 .  U sing9 6  gl  ~  1,
g

I sSt
yields —  ~  0 .4  in agreem ent with the experim ental data (see figure 4 .2 .4).

1st

In summary, the spontaneous and stim ulated PL from G aSe are due to an e x c i­

ton exciton scattering m echanism . O ne o f  the effects o f  the shock com pression is 

to change the band gap, w hich causes characteristic changes in the PL spectra 

within the framework o f  the exciton  exciton  scattering m odel. The shock induced  

line broadening is related uniquely to the transient nature o f  shock com pression.
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4.3 Cadmium Selenide

The second shock com pression experim ent is on Cadm ium  Selenide (C dSe ) . 97  

In this experim ent, the conditions needed for the determination o f the stress co m ­

ponents parallel (longitudinal com ponent) and perpendicular (transverse co m ­

ponents) to the direction o f  shock propagation w ill be specified.

In the next section, the unstressed band structure o f  C dSe will be described. 

Then, the usual strain H am iltonian o f CdSe is m odified  to describe shock com pres­

sion. F inally, in section 4 .3B , the results o f  the shock com pression experim ents on 

CdSe w ill be presented, and the conditions needed for the determination o f  the 

longitudinal and transverse stress com ponents w ill be specified.

4.3A Theoretical Model

C dSe is a II-VI sem iconductor which crystallizes in a wurtzite structure. The 

low est conduction band has a s-type basis function and is characterized by T7 sym ­

metry at k =  0. The highest valence band has p-type basis functions. The usual six 

fold degeneracy at k =  0  is split into three spin degenerate valence subbands 

(denoted vA , vB, and vc ) by the crystal field  and the spin orbit interactions (Hso_cf ) .

H SO -c f  ^1 L - S - i + A-
l L ' ~

+  Acs2 L y G 3 -
1

(4 .3 .1 )

where L and a  are the orbital and spin angular m om entum  operators, respectively,

A, =
2A'so cs2 cs 2

, A2 =  Ac j1  +  —— , A so =  439m e V ,  Aw l =  81.5 m e V ,  and
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Acs2 =  - 2 5 A m e V  for C dSe98 at 1 .8 * .

The top m ost valence subband (v^) which is characterized by T9 sym m etry99 

at k =  0 , is separated from the conduction band by the band gap energy98 

=  1 .84c l/ at 1 .8 * . The vB and vc  valence subbands are both characterized by 

r 7 sym m etry"  at k =  0 . The separation betw een and vB (vfi and vc ) is98 

Aab =  2 5 .5 meV  (ABC =  4 3 2 m e V ) at 1 .8 * .

From sym m etry considerations,100 the strain H am iltonians for a sem iconductor 

with wurtzite structure have been given  by P ikus101 as

and

H c - ~ a “ En + e 22+ E 33

^ o r b ( t ) -  + E22> + a OE33

+  b ” ( e u +  z22) L ]  +  boC33Z,3

(4.3.2a)

+  cT(E+L_2 + e_ L 2 )

+  d \ e_c { L 2, L +} + z^ { L ^  T _}]

where L ,  =
^ 2

L , ± i L :

(4 .3 .2b)

, e± = £ , ,  -  e 22 ± 2 iEn , e ^  =  e 13 + <e23, and EtJ is the

strain tensor. The deform ation potentials for CdSe are98 a"  +  Qq =  7 6 0 .0 m eV ,  

a ” + a ”  = 3100 .0me V,  b% = 40 0 0 .0 /n cT , b ^  = - 2 2 0 0 . 0 m e V , = - \ 2 0 0 . 0 m e V ,

and d ?  =  -30(X ).0m e V .
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T o rewrite the strain H am iltonians in terms o f  stress, the elastic com pliance (s) 

relating the stress (T ) to strain (e) is needed. For hexagonal lattices, the elastic  

com pliance i s 102

ovv
•^11 ^  12

r w
^  13 0 0 0

r  w
12

r t v  
1 1

r w
^  13 0 0 0

S b
r »  
^  13

f w
•^33 0 0 0

0 0 0 f* w
0 0

0 0 0 0
r w
J 4 4 0

0 0 0 0 0 2 ( 5 7 , -

The constants for C d S e 103  are 5 ^  =  2 .3 x 1 0  3kbar  ', 5 * 2  = -1 .1 x 1 0  ?kbar  ', 

S I 3 = -0 .5 x 1 0  *k b a r ~ \  5&  = \ . l ^ \ Q ~ yk b a r \ and 5 ^  =  1 . b x W h h a r ' .

T o obtain the strain stress relationship, the stress vector is needed. C hoosing a 

coordinate system  where the x 3 axis is  along the direction o f  propagation o f  the 

shock w ave, the tw o stress com ponents (O n , O2 2 ) which are transverse to the shock  

propagation direction are assum ed equal and is denoted by P  (i.e ., o n  =  o 22 = ~ P) -  

The longitudinal stress com ponent (w hich is along the direction o f  propagation o f  

the shock w ave) can be written as o 33 =  - P  -  X . N eglecting any shear terms (i.e ., 

o 23 = o 31 = o 12 = 0 ), the stress vector for shock com pression along the x 3 axis is 

given by



6()

T =

- P  
- P  

- P  - X  
0  
0  
0

(4.3 .4)

Note that for X  = Okbar,  the longitudinal and transverse com ponents are equal and 

equation 4 .3 .4  can be recognized as the stress vector for hydrostatic pressure (see  

equation 2 .2 .8). In this case, behind the shock front there exists on ly  hydrostatic 

pressure. C onversely, for P  =  Okbar,  there is no transverse com ponent and only  

the longitudinal com ponent is nonzero, and equation 4 .3 .4  is identical to the stress 

vector for uniaxial stress along the axis (see equation 2 .2 . 1 1 ).

U sing equations 4 .3 .3 , 2 .2 .7 , and 4 .3 .4 , the strain stress relationship for shock 

com pression along the c axis (see appendix A l)  becom es

£ n  =  £ 2 2  =  -  [ s n  + S fr  + s ^ ) p ~ s h x  . (4.3 .5a)

and

*33 = P - S & X  ,

2E23 -  2 e -u  -  2 e i ? -  0fc31 12

(4 .3 .5b)

(4 .3 .5c)

From equations 4.3.1 and 4 .3 .2 , the Hamiltonian matrix for shock com pression  

along the c ax is (see  appendix A l )  is
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P +XT P _X T P'2Xx

A," 0 0

III0
X

0 A? A ?3 .
0 A?1 ,

w here P .  = P  + iPI X — II y

(4 .3 .6)

, Px , P y, and P 2 are the p-like basis functions, X | and

X i  are the spin basis functions.

and

A ” = - 5 £ ?  -  5 £ “ ,

A ?  =  - A ,  -  A „ 2 -  8 E f  -  S £ »  , 

1 1

5  E l  = a|; 25 n  + S331 P + 2a1!

«0^33 +  2*7*13

s r ,  + 5 ? 2 + 5^3

8 £ ?  h ftff 25 n  +  5 ? 3 P  + 2ft 5 n  +  5 f 2 + 5 f ?

+  [fto5^3 +  2 / ^ 3 ] *

(4.3.7a)

(4 .3 .7b)

(4 .3 .7c)

(4 .3 .7d)

(4 .3 .8 )

The eigenvalues o f  the matrix 4 .3 .6  g iv es  the transitional energies between the 

conduction band and the valence subbands (see  appendix A l) .  They are
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E c_vA( P , X )  =  e ;  + A ?  - K a =  E :  +  6 EJ} + 6 E »  , (4.3 .9a)

Ec_vB{ P . X )  = e ; + A ? - K b

~ w 2 A c i i 2 ( A c j 1 )

= Es +  - T -  +  "  - o T —  + 5 £ /7
J  yL1so

1 4A,

3 + 9A
a l 5 £ *  _  _ ± .  

b 9A C
8 E “ (4.3 .9b)

and

e c_vC (p , x ) =  e ;  +  \ r - K c

= £ ;  + A«  + 3
c.vl A v2 2(Afv l) 

2 +  9A C„
+ SE/7

4A'c.v I
9A.

6 £ “ + ——  
9A„.

6 E * (4 .3 .9c)

where

8£,7= [ [ a r  + o j ]  [2S 13 + s ?33 + 2 5 W 
11 +  S?2 + 5 13 ]]'

[(<+ « o  S 33 + 2 13 (4 .3 .10)

From equation 4 .3 .9 , the shifts o f  the transitional energies as a function o f  P  and X

are

AEc- va( P ’ X )  = Ec. vA(P,  X )  -  Ec_vA(P  = Okbar,  X  =  Okbar)

= 8££  + 8E£ (4.3.11a)
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t e c - vB(P ,  X )  =  Ec_vB (P,  X )  -  Ec_vB(P  = Okbar , X  =  Okbar)

=  5E/7 +
4A.

+ 'cs 1

9A t
8 £ »

and

2 [ 8 £ f
9 * s o I b .

(4 .3 .11b)

AE c - v c i P ,  X )  =  E . ^ i P ,  X )  -  Ec_vC(P  =  Okbar , X  = Okbar)

= 8E#7 +
4A CJI
9A t

6  £ »

9A C 8£f ) : (4 .3 .11c)

The shifts o f  the transitional energies as a function o f  P  (equation 4.3.11 with 

X  = Okbar)  are plotted in figure 4 .3 .1 . W ith X  = Okbar,  the stress vector 4 .3 .4  is 

identical to the stress vector for hydrostatic pressure P . C onsequently, the shifts o f  

the three transitional energies are expected to have the sam e P  dependence. This 

can be seen in figure 4 .3 .1 , where all three lines (corresponding to the transitions 

from  the conduction band to the valence subbands v A ,  v B ,  and vC ) have the same 

3(AE )  _
slope (-

d P
~ 5 .5meV / k b a r ) .

The shifts o f  the transitional energies as a function o f  X  (equation 4.3.11 with 

P  = Okbar)  are plotted in figure 4 .3 .2 . The key salient feature o f  this figure is that 

the X  dependence o f  the three conduction to valence subband transitional energies
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Figure 4 .3 .1 . A  plot o f  the shift in energy o f  the transition from  the conduction to 

the valence subband (V A ), vB (V B ), vc  (V C ) in CdSe as a function o f  P  (equa­

tion 4.3.11 with X  =  Okbar).
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Figure 4 .3 .2 . A plot o f  the shift in energy o f  the transition from the conduction to 

the valence subband (V A ), vB (V B ), vc  (V C ) in CdSe as a function o f  X  (equa­

tion 4 .3.11 with P  =  Okbar).
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Figure 4 .3 .3 . A  plot o f  the separation between the valence subbands vA and vB (the 

absolute value o f  Aab from equation 4 .3 .12a) as a function o f  X .
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Figure 4 .3 .4 . A  plot o f  the separation between the valence subbands v B and vc  (the 

absolute value o f  ABC from equation 4 .3 .12b) as a function o f  X .
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Figure 4 .3 .5 . The energy positions o f  the PL em ission  lines corresponding to the 

c - v A and the c - v B transitions for various X  (with P  =  Okbar).
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are all different. T his im plies that the gaps betw een the three valence subbands 

change with X  and is independent o f  P  (see figure 4 .3 .1 ). D efining

AAB( P,  X )  = Ec_vB{P , X )  -  Ec_vA{P,  X )  (4 .3 .12a)

and

ABC( P , X )  = Ec_vC{ P , X ) - E c_vB{ P , X )  , (4 .3 .12b)

the separations betw een the valence subbands are given  by the absolute value o f  

Aa b ( P,  X )  and ABC(P,  X) .  The separations betw een the valence subbands are plot­

ted as a function o f  X  in figures 4 .3 .3  and 4 .3 .4 , respectively. From figure 4 .3 .3 , it 

can been seen that there is on ly  ~ 25m eV  change in the separation between the 

valence subbands and vB as a function o f  X  (for X  =  Okbar to 10kbar) .  The 

separation between the valence subbands and vB is seen to g o  to zero at

X ~ 5kbar .  This is due to larger shift o f  the valence subband vA relative to the

valence subband vB as a function o f  X  (see figure 4 .3 .2 ). For X  < ~5kba r ,  the

valence subband is higher in energy then the valence subband vB (w hile for

X  > - 5 kb ar ,  the valence subband vB is higher in energy then the valence subband 

vA ). T his can be seen in figure 4 .3 .5 , where the energy positions o f  the PL em is­

sion lines corresponding to the c - v A and the c - v B transitions are plotted for 

X  =  Okbar  to X  = \ 0 k b a r  (with P  =  Okbar).  For P  *  Okbar,  both PL em ission

lines corresponding to ( c -v ^ )  and vB (c - v B ) transitions (show n in figure 4 .3 .5)

w ill be blue shifted by the sam e amount.

From these figures, it is expected that if  the lum inescence due to the c - \ A and



c - v B transitions can be resolved in the PL spectra, the longitudinal and transverse 

stress com ponents o f  the shock wave can be determined from the splitting and blue 

shifts o f  the PL spectra. The PL spectra from shock com pressed CdSe w ill be d is­

cussed  in the next section.
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4.3B Shock Compressed CdSe

For the shock com pression experim ent, the shock w ave facility  described in 

section 3.3 is used. A 25mJ  pump pulse from  the N d ^ . Y A G  laser is focused to a 

500^m  diam eter spot on the alum inum  foil to generate the shock w ave. The 20(xm 

alum inum  foil is glued to the back surface o f  the 4 0 | im  C dSe Sulfur-free single  

crystal sam ple with A piezon N -grease. This is sandw iched between tw o 3.175m m  

quartz d iscs, and then suspended in a liquid nitrogen optical dewar. The 3QOnJ 

probe pulse w hich is collinear and counter-propagating relative to the pump pulse is 

focused  to a 400 |im  diam eter spot on the front surface o f  the sam ple 

( \ 0 ^ p h o t o n s / c m } ) .  The PL is dispersed by the spectrograph and detected by the 

photodiode array. Data are recorded with the sam ple at T  =  85K .

A  representative spectra o f  the PL from the unshocked and shocked C dSe is 

show n in figure 4 .3 .6 . The PL from the unshocked C dSe peaks at ~1790m eV  (with  

a FW HM  o f  ~21meV ) .  Under shock com pression , the PL blue shifts to ~1840m eV7 

(with a FW HM  o f  ~46meV'). Com paring figure 4 .3 .6  to figure 4 .3 .5 , the c - v A tran­

sition is easily  observable whereas the c - v B transition is not readily observable. 

Since the c - v B transition is not observable, the energy separation betw een the c - v A 

transition and the c - v B transition can not be determ ined experim entally. C on se­

quently, X  can not be determ ined. If the assum ption that X  =  Okbar  is made, the 

shock pressure P  can be determ ined from the blue shift in the PL spectra. U sing  

BE
-j-— ~ b m e V / k b a r ,  the shock pressure P  can be obtain by d ividing the energy o f



the blue shift by 3 — . By varying the delay betw een the pump and the probe, the 
a P

time evolution  o f  the shock pressure can be determined from  the shift in the PL  

spectra. The shock profile determ ined in this manner is shown in figure 4 .3 .7 .

Another interesting feature seen in figure 4 .3 .6  is the increase in the observed  

PL intensity from  the shock com pressed CdSe as compared to the unshocked CdSe. 

This w ill be discussed further in chapter 5 (p. 136).

In sum m ary, from the shift o f  the PL from  CdSe under shock com pression , the 

time evolution  o f  the shock pressure P  has been determ ined. The difference  

between the longitudinal and transverse stress com ponents o f  the shock w ave  

( [ P + X ] - | / >] =  X ) can not be determ ined in these shock com pression experi­

ments. There are tw o main problem s encountered in this experim ent. First, the PL 

lines corresponding to the c - v B transition and the c - v A transition can not be 

resolved. Second, within the range o f  shock pressure o f  interest, the transition with  

the low est energy can be either c - v A or c - v B (see figure 4 .3 .5 ). This m akes the 

analysis o f  the shock com pression experim ent very d ifficult. Therefore, tw o criteria 

that must be m et in order to determ ine the transverse and longitudinal stress co m ­

ponents o f  the shock w ave are: 1) the PL em ission  lines corresponding to tw o  tran­

sition w hich separate as a function o f  X  must be clearly resolved; and 2) the order­

ing o f  the energy o f  the tw o transitions should not change within the pressure range 

o f  interest. In the next section, it w ill be show n that the valence bands o f  G aA s  

have the appropriate X  behavior needed for a unique determination o f  the transverse
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Figure 4 .3 .6 . A plot o f  the unshocked (— ) and shocked (— ) spontaneous em ission  

spectra from C dSe at low  probe intensity (3 0 0 i i f) .
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Figure 4 .3 .7 . A plot o f  the tim e evolution o f  the shock pressure in CdSe.



and longitudinal stress com ponents o f  the shock wave.
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4.4 Gallium Arsenide Under Dynamic Stress

The third shock com pression experim ent is  on G a A s . 104 In this experim ent, it 

w ill be show n that G aA s m eets the conditions necessary for the determination o f  

both the transverse and longitudinal stress com ponents o f  the shock w ave.

In the next section, the unstressed band structure o f  G aA s will be described. 

Then, the usual strain Ham iltonian o f  G aA s is m odified  to describe shock com pres­

sion. F inally, in section 4 .4B , the results o f  the shock com pression experim ents on 

G aA s w ill be presented.

4.4A Theoretical Model

G allium  A rsenide (G aA s) is a III-V sem iconductor with a zinc blende struc­

ture. The band structure is show n in figure 4 .4 .1 . The low est conduction band (c)  

has a s-type basis function and is characterized by T7 sym m etry at k =  0. The 

highest valence band has p-type basis functions. The usual six fold degeneracy at 

k =  0  is split into a four-fold degenerate subband (denoted v l  and v 2 ) and a tw o­

fold spin degenerate subband known as the split o f f  (v 3) band by the spin orbit 

interaction , 105

L - o - I (4 .4 .1)

where A0  =  341 m e V  at 80K ,  and L and o  are the orbital and spin angular m om en­

tum operators, respectively.
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From sym m etry considerations,100,106 the strain Ham iltonians for the valence  

band o f  a sem iconductor with cubic sym m etry (e.g ., G aA s) have been given  by P o l­

iak107 as

^orb(z)  ^1 El l+  E22+ E33

+  3 b \ El l ^ 2 “  J ^ 2) +  CP-

+  2 * 3 d \ e 12{ L ], L 2} +  c.p. (4.4 .2a)

^spin(z) 2.Q 2 E11 + e22 + e 33 L a

+ 6 b \ En^i°i -  y L'°) + C-P

+ 2^3 d :2 e 12(^1o 2 + L2o,)  + c.p.j , (4 .4 .2b)

where is the strain tensor, and a \ ,  a \ , b \ ,  b \ ,  d \ ,  and d 72 are the deform ation  

potentials. Sim ilarly, for the conduction band.

H c(e) =  - a 7 Ell + E22+ e 33 (4 .4 .3 )

where a 7 is the deform ation potential for the conduction band.

T o rewrite the strain H am iltonians in terms o f  stress, the elastic com pliance is 

needed. For cubic lattices (e.g ., G aA s), the elastic com pliance is
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C - V 1 C - V 2

V1
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V3-

S T R E S S E D
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Figure 4 .4 .1 . Schem atic diagram  o f  the a) unstressed and b) stressed G aA s band 

structure. The conduction band is denoted by C  and the three valence subbands are 

labeled V'l, V2,  and V'3.
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S =

s \ i S\2 S\2 0 0 0

S \ i s \ i S \ 2 0 0 0

S h S \ 2 0 0 0

0 0 0 s 'u 0 0

0 0 0 0 s u 0

0 0 0 0 0 5^4

(4 .4 .4)

The constants for G a A s108 are 5 ^  = 1 .2x10 3kbar  ', S j t  = - 0 .4 x 1 0  3kbar  ’ , and 

S z44 =  1.7x10 _3/t/>ar_1.

Using equations 2 .2 .7 , 4 .4 .4 , and 4 .3 .4  the strain stress relationship for shock  

com pression along the [001] axis in cubic sem iconductors becom es

E 1 1 —  e 22  —  — S i ,  +  25 ]2 P - S \ 2 X  , (4 .4 .5a)

S \ i + 2 S ] 2 P -  ,

and

^ e 23 — ^ e 3I — 2 £ |7  — 012

(4.4 .5b)

(4 .4 .5c)

Note that for P  = Okbar , the usual strain stress relationships for static uniaxial 

stress along the [001] ax is are obtained from  equation 4 .4 .5 . U sing the w ave func­

tions O, = [ / ,  7(001] , with

<J>v2 = 2 2 
2 ’  2

(4 .4 .6a)

<I> , E 2  1
2 ’ 2

<2 (4.4.6b)
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and

d> ,  =v3
j_ j_ 
2 ’  2

(4 .4 .6c)

where P + s
^ 2

, P j ,  Pj,, and /*r , are the p-like basis functions, and Xf

and Xj, are the spin basis functions; the Ham iltonian m atrix109 for shock com pres­

sion along the [001] axis o f  G aA s can be formed from equations 4 .4 .1 , 4 .4 .2 , and

4 .4 .5  (see Appendix A 2),

The com ponents are

*v2 <J> ,1 <I> iv3

A l 0 0
IIID

X
0 A f Af?

0 A f3 A 3 .

1II<

6  E h  -
6£oo,

2

1ll<

6 E f ,  +
6Eno.

2 •

II<

- A „ - S E*- o c // »

and

A f3 -

with

6E // = ( a \ + a 22 )(S2u +  2 S \ 2 ) O P  + X )  , 

6 E f i =  ( a \ - l a z2 ) ( S \ x+ 2 S \ 2 ) ( W  + X )  ,

(4 .4 .7)

(4.4.8a)

(4 .4 .8b)

(4 .4 .8c)

(4 .4 .8d)

(4.4.9a)

(4.4.9b)
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6£oo. = 2 ( b \ + 2 b 22 )(S:u - S ] 2)X  , (4 .4 .9c)

and

b E ^  = 2 ( b \ - b 22 ) (S2u - S \ 2 )X . (4 .4 .9d)

The constants a 2, b 2 , and d 2 have been founded to  be sm aller then the m easure­

m ent errors.110 C onsequently ,111 the can be neglected com pared to H orblt(t).

T his im plies that bEf j =  bE /, and b E ^  =  §£ooi. The constants for G aA s are 

a l  +  a \  = %120meV, b \  =  2000m e V ,  and d \  =  4430m eV . The conduction band 

deform ation potential for G aA s i s 112 a l  =  93 0 0 (1  lOOOVneV which yields  

a ]  =  -580(±1000)rm ?V .

The eigenvalues o f  equation 4 .4 .7  g iv e  the energy shifts (with respect to the 

conduction band) o f  the G aA s valence subband Vj, v 2, and v 3 (see Appendix A 2). 

The shifts o f  the transitional energies with P  and X  are

AEc_v] (P ,  X )  = £ f _v l( £ ,  X )  -  £ c_v l(£  = Okbar,  X  =  0 kb ar)

+ . . (4 .4 .10a)

&Ec_v2(P ,  X )  s  Ec_v2(P ,  X )  -  Ec_v2(P =  Okbar,  X  =  Okbar)

b E m
(4 .4 .10b )2

and
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A £c_v3( £ ,  X ) = £ f _v3(P , X ) -  £ c_v3(P =  Okbar,  X  =  Okbar)

(4 .4 .10c)

where 8 £ // =  (a*+ a * )(S ] i  + 2 5 ] 2 )(3 P  +  X ). From equations 4 .4 .10a  and 4 .4 .10b , 

the four-fold degenerate valence subband o f  G aA s is split into tw o spin degenerate 

subbarids (v , and v 2) under uniaxial stress. From equation 4 .4 .10b  (for a given P ) ,  

the valence subband v 2  shifts linearly with X .  The shifts o f  the v l  and v3 valence  

subbands have a nonlinear dependence on X due to the coupling between the v 1 

and v3  w ave functions (i.e., the stress Ham iltonian is nondiagonal). In the v l  (v 3 )  

bands, 8 £ // and 8£ooi subtract (add). Therefore, since the difference o f  8£/y and 

8£ooi alm ost cancels the X dependence, the v l  shift depends m ainly on P ,  while v3  

increases m onotonically with both P  and X .

It can be seen from equations 4 .4 .1 0  that the energy shifts o f  the Vj, v 2, and v 3 

valence subbands as a function o f  X relative to the energy shift at X =  Okbar are 

independent o f  P .  Rewriting equations 4 .4 .1 0  as

A £c_vI(X ) =  A £c_vI(P , X ) -  A £ c_v l(P , X  =  Okbar)

(4 .4 .11a)
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Figure 4 .4 .2 . A plot o f  the energy shift o f  the v , ,  v 2, and v 3 valence subbands 

(equation 4.4 .11) as a function o f X .
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Figure 4 .4 .3 . A  plot o f  the separation between the G aAs valence subbands Vj and 

v 2 (A ]2) as a function o f X  (equation 4 .4 .12).
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A £ c_v2(X ) = AEf _v2( / \  X ) -  AEc_v2(P ,  X  =  0 kbar)

(4 .4 .11b)

and

A £c_v3(X ) = A £c_v3(P , X ) -  A £f _v3(P , X =  0 kbar)

+ . . (4 .4 .11c)

where 5 Efl s  (a*+ a j ) ( 5 j ! +  2 5 f2 )X . The energy shifts AE a for the three valence  

subbands are plotted in figure 4 .4 .2 . The essential features this figure are: 1) the 

conduction to v2  and v3  valence subband transitional energies increase m onotoni- 

cally with X ( < 1 0 kbar) :  2) the conduction to v l  valence subband transitional 

energy has less than 3me V  shift with X ( < 10kbar) \  and 3) all three conduction to 

valence subband transitional energies have different X dependence. Therefore, the 

gap between the valence subband Vj and v2 should change as a function o f  X . The 

gap between the valence subband Vj and v2 is given by

This is plotted in figure 4 .4 .3 . It can be seen that A 12 is a function only o f  X . 

Therefore, the uniaxial com ponent X o f  shock com pression can be monitored by 

observing A 12 via the PL spectra. A s A 12 increases, the observed PL line width w ill

k0

=  2 h , ( 5 11-  S 12)X +
2 b } ( S u - S n )2X 2

K
(4 .4 .12)



broaden because the lines are overlapping until finally tw o blue shifted PL bands 

are resolved (w hen A 12 is greater than the line w idths o f  either the Vj or the v 2 PL 

bands). This effect has been observed in the shock com pression experim ent on n- 

G aA s. The results o f  this shock com pression experim ent are described in the next 

section.
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4.4B Shock Compressed GaAs

In this shock com pression experim ent, a 4 0 pm n-G aA s sam ple is glued to a 

quartz d isc with optical glue. An alum inum  foil is then glued to the back surface 

o f  the sam ple with A piezon N -grease. The final layer is another quartz disc. This 

is then suspended in a liquid nitrogen optical dewar. For this experim ent, the 2 5 mJ  

pum p pulse is focused to a 500p/n  diam eter spot on the aluminum foil. The 5 0 0 nJ 

probe pulse which is collinear and counter-propagating relative to the pump pulse is 

focused  to a 400^im diam eter spot on the front surface o f  the sample 

(1 0 ^ p h o t o n s / c m 1). Data are recorded with the sam ple at T =  80K .  Plotted in fig ­

ure 4 .4 .4 , are the PL spectra from the shocked and unshocked bulk n-G aA s at vari­

ous delay tim es between the pump and the probe pulses. The relevant transitions in 

stressed and unstressed G aA s are show n schem atically in figure 4 .4 .1 . A s the delay  

tim e betw een pump and probe is increased, the shocked PL spectra is observed to 

be blue shifted (see figure 4 .4 .4a) and eventually splits into tw o blue shifted PL 

lines (see  figure 4 .4 .4b). These tw o blue shifted PL lines correspond to the transi­

tions from the T6 conduction to the v l  valence subbands ( c - v l )  and the v 2  valence  

subbands ( c - v 2) (see figure 4 .4 .1b). At further increases o f  the delay  tim e, the 

splitting o f  the tw o blue shifted PL lines decreases and m erges into a broaden line 

(see  figure 4 .4 .4c).

From the bulk n-G aAs shock com pression data, the spontaneous PL is 

observed to split into tw o blue shifted lines, corresponding to the transitions from
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Figure 4 .4 .4a . A plot o f  the unshocked (---) and shocked (— ) spontaneous em ission  

spectra from  n-G aAs at low  probe intensity (5 0 0 nJ)  for a delay time o f  33ns.
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Figure 4 .4 .4b . A plot o f  the unshocked (— ) and shocked (— ) spontaneous em ission  

spectra from n-G aA s at low  probe intensity (5 0 (W ) for a delay time o f  46 n s.
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Figure 4 .4 .4c. A plot o f  the unshocked (— ) and shocked (— ) spontaneous em ission  

spectra from n-G aA s at low  probe intensity (5 0 0 nJ)  for a delay time o f  13ns.
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the r 6 conduction (c) to the v l  valence and the v 2  valence subbands due to sy m ­

metry breaking by the transient uniaxial com ponent o f  the shock com pression along  

the [001] direction. From the experim entally observed separation o f  the tw o PL  

bands (see A 12 in figure 4 .4 .4b), the stress X  can be obtain from equation 4 .4 .12  or 

from figure 4 .4 .3 . For exam ple, from figure 4 .4 .4b , A 12 = 60me V,  then in figure 

4 .4 .3 , a horizontal line corresponding to a 6 0 m e V  splitting intersects the curve at 

X  ~ 9kbar .  Then, the hydrostatic pressure P  can be determined from  equation  

4 .4 .10a , since both X  and A £ c_v) are known. Considering the same exam ple (fig ­

ure 4 .4 .4b), a blue shift o f  A £c_vj -  2 0 m e V ,  together with X  ~ 9kbar  in equation  

4 .4 .10a , y ie lds P  ~ 2 k b a r .  The longitudinal (P +  X )  and transverse (P )  co m ­

ponents o f  the shock w ave are plotted in figure 4 .4 .5  as a function o f  the delay time 

betw een pump and probe. T hese stress com ponents are not equal over ~ 5 0 ns.  

These experim entally determ ined stress com ponents are average values since there 

exists som e shock pressure inhom ogeneity in the probe region. From the line shape 

broadening,113 the shock pressure inhom ogeneity  over the probe region is estim ated  

to be ±0.2>kbar /\Qkbar  =  13% .

From figure 4 .4 .5  it is quite clear that the uniaxial com ponent ( X )  is non-zero  

for shock propagation along the [001] ax is in G aA s. Therefore, any analysis o f  

shock com pression must consider the tim e interval needed for the longitudinal and 

transverse stress com ponents to equilibrate. A fter this tim e interval, the usual 

hydrostatic pressure analysis m ay be used.
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Figure 4 .4 .5 . A plot o f  the longitudinal and transverse stress com ponents o f  a shock  

w ave propagating along the [001] axis o f  n-G aAs.



93

WAVELENGTH (nm)
800830 770

cn
i—
I—I

/^~T;v2 M l
VICD

t—i
CD
Z
Ld

*—i

/ > ' I,f * '■ ■ 1 ■ 1 I .,»■ .»-.■■ I I . J ■ I
1 5 0 0  1 6 0 0

ENERGY (meV)

Figure 4 .4 .6 . A  plot o f  the unshocked spectra (— ) from figure 4 .4 .4b  together with 

the EHP line shape (— ) using the parameters Tc -  T , - T 2 ~  80 K ,  Eg = 1484m eV , 

=  - 1  Im eV , Aj =  A2 =  0m e V ,  and (ij =  ( i2 =  -1 4 5 1 m eV  in equation 4 .4 .13 . The 

positions o f  the quasi-Ferm i levels relative to the band ed ges are shown in the in­

sert.
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Figure 4 .4 .7 . A plot o f  the EHP line shape using the parameters 

Tc =  r ,  =  T 2 =  120K ,  Eg =  1484m e V , p c =  - 1 6 m e V ,  A , =  20 m eV ,  A2 = 81 m e V ,  

and |i] =  p 2 =  -1 4 8 4 m eV  in equation 4 .4 .13 . The positions o f  the quasi-Ferm i le v ­

els relative to the band edges are shown in the insert.
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Figure 4 .4 .8 . A  plot o f  the shocked spectra (— ) from Figure 4.4.4b together with the 

EHP line shape (— ) using the parameters Tc =  T , =  T 2 =  120K ,  Eg =  1484m cV , 

\x.c =  - 1 6 m eV ,  Aj =  20m e V , A2 =  81 m eV ,  | i ,  =  -1476m eV 7, and p 2 =  -1 5 1 0 m cV  in 

4 .4 .1 3 . The positions o f  the quasi-Ferm i leve ls  relative to the band edges are 

show n in the insert.
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It is a lso  interesting to note that the c - v 2 PL line in figure 4 .4 .4b  is strong. 

The PL line shape due to band to band transitions (see Appendix A 4) is given as

'h
m  I . « .  i . . .  / \

H h v )  =  i 0 Z $ j

3/2
h v h v

m c . v E>

(4 .4 .13)

n. .
where L  is a constant, T\. =  n.  is  the density o f  holes in the j -  valence sub-

i

band, ^  is the matrix elem ent constant for transitions from the conduction band c

m cm.
to the j -  valence subband, m rr, = ------------—  is the reduced mass, m r and m .  are the

CJ mc +ntj 1

effective m ass o f  the electrons and holes, Eg is the band gap, Aj  are the energy  

shifts due to stress,

l - i

1 + e
p ( ( ^  < A v - E f -  A , ) - u , )m,

P j { !0 z l  ( A v - £ f -  A, )  + £ f + A ,  + t i ; )
+  1

-1

(4 .4 .14a)

(4 .4 .14b)

Pc(j) =  ( kbTC( j ) ) k b is the Boltzm ann constant, Tc(j) are the characteristic tem ­

peratures o f  the electrons (holes), and | i c(7) are the quasi-Fermi levels o f  the e lec ­

trons (holes). The are tw o key features in equation 4 .4.13: / (/tv ) = 0  for 

h v  < Eg +  Aj ,  since only transitions from a parabolic conduction band to tw o para­

bolic valence subbands are considered; and the PL line shape is  dom inated by the
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density o f  carriers via the factors T)r  /J ( / iv ) ,  and f j ( h v ) .  The ^
T K r c j

3/2

factor

takes into account that som e transitions are m ore probable than others. H ow ever, it 

has on ly  a minor role in the PL line shape (unless ^  =  0 ). Therefore, the relative 

strengths o f  the PL lines associated with different valence subbands are mainly  

dependent on the distribution o f  holes am ong the valence subbands. A s an exam ­

ple, consider the situation where the sum m ation in equation 4 .4 .13  is over the tran­

sitions from the conduction band c to the v 1 valence subband (J = 1) and the v 2 

valence subband (j  =  2) in n-G aA s. W hen A2 = A] =  0  and p 2 = Pi> n 2 *s 

tim es and the line associated with c - v 2  transitions is - 1 0 0  tim es stronger than 

the c - v l  line (see figure 4 .4 .6 ). In contrast, w hen A2 -  Aj =  61 me V  and p 2 =  p j, 

the reverse is true, rt l is - 1 0  tim es n 2 and the c - v l  line is -1 0 0 0  tim es stronger 

than the c - v 2  line (see figure 4 .4 .7 ). If A2 -  Aj =  61m cV and the quasi-Ferm i le v ­

e ls  for the v l  and v 2  valence subbands are unequal (p 2 *  P ]), there is good  agree­

m ent betw een the line shape given by equation 4 .4 .13  and the experim ental data 

(see  figure 4 .4 .8 ). Note that the carrier temperature o f  the shocked PL spectra (fig ­

ure 4 .4 .8 ) is 40° greater than the carrier temperature o f  the unshocked PL spectra 

(figure 4 .4 .6). H ow ever, this is not significant since the error due to fitting is 

± 4 0  K.

The nonequal quasi-Ferm i levels show n in figure 4 .4 .6  is very interesting. If 

the redistribution o f  the holes am ong the valence subbands can be characterized by 

a tim e constant xv and the decay o f  the holes by a time constant xe^  (see  for exam -
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pie equation 4 .5 .10), it is  expected  that for xv «  x^ y, p 2 = Mi (a°d  conversely, for 

xv xej-f, p 2 *  Mi)- There has been experim ents114 w hich show  that the holes 

therm alized within l l p j .  Other experim ents (see figure 4 .5 .12) indicate that 

xef j  ~ 200ps  ( »  xv). Consequently, it is  expected that p 2 =  ^  (and that line shape 

shown in figure 4 .4 .7  w ill be observed). H ow ever, the line shape shown in figure 

4 .4 .8  is observed. T his suggest that i v is different for dynam ic com pression (as 

com pare to static com pression) o f  G aAs.

Another interesting feature seen in figure 4 .4 .4  is  the increase in the observed  

PL intensity from the shock com pressed G aA s as com pared to the unshocked GaAs. 

This has also been observed in the shock com pression experim ents on CdSe. This 

w ill be discussed further in chapter 5 (p. 136).

In summary, the longitudinal stress com ponent and the transverse stress co m ­

ponent are unequal for shock propagation along the 1001 ] direction o f  bulk n-G aAs. 

From the shifts and splittings in the PL from G aA s, the longitudinal and transverse 

com ponents can be determ ined. The longitudinal stress com ponent can be written 

as the sum o f  hydrostatic pressure plus a uniaxial stress. The uniaxial stress 

increases to a m axim um  o f ~ 9 k b a r  then decreases.
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4.5 Gallium Arsenide Under Static Stress

The next experim ent on n-G aAs study the hole dynam ics under static uniaxial 

stress. The hole lifetim es are expected to change with stress (see section 2.1). By  

observing the time resolved PL from static uniaxially com pressed n-G aA s, the stress 

dependence o f  the hole lifetim es can be measured. The same theoretical form ula­

tion described in section 4 .4  for the shock com pressed G aA s can be used for the 

static uniaxial com pressed G aA s by setting P  =  0 kbar .  A  new experim ental setup 

is needed for the static uniaxial com pression experim ent and is described in the next 

section.

4.5A Experimental Method for Static Uniaxial Compression

In a ring cavity dye laser, a 120mm thick Ethylene G lyco l jet containing  

1.6x 10-3M o f  Rhodamine 590  is  pumped by the 514.5nm  line o f  a CW  Argon ion 

laser. B y utilizing 6 .6 x l0 _5M DO DCI in a 60mm thick Ethylene G lycol jet as a 

saturable absorber, this ring cavity dye laser can be m ode-locked. M ode-locking  

occurs when tw o counter-propagating pulses coincide inside the DO D C I dye jet. 

This type o f  laser is called  a collid ing-pulse m ode-locked  (CPM ) dye laser.

In a CPM laser, the temporal width o f  the pulse is influenced by the group 

velocity  dispersion, the se lf  phase m odulation (SPM ), the available bandwidth o f  the 

oscillator cavity, and the d y e s ’ ability to shape the am plitude o f  the pulse. There is 

amplitude shaping o f  the leading (trailing) edge o f  the laser pulse by the saturable
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absorber (gain) jet. This cause a narrowing o f  the temporal width with a 

corresponding broadening o f  the spectral width o f  the pulse. The spectral width o f  

the pulse can also  be increased (up to the available cavity bandwidth) by focusing  

the laser pulse in the saturable absorber jet for SPM . H ow ever, even  with a broad 

spectral width, group velocity  dispersion in the optics and dye jets tends to broaden 

the temporal width. This group velocity  dispersion can be controlled by the incor­

poration o f  tw o pairs o f  prism s inside the laser cavity. B y optim izing the above 

pulse shaping m echanism s, the pulse can be as short as T i p s .

In this experim ent, 1 0 0 / i  6 2 0 nm pulses from the CPM  laser are used to gen ­

erate the electron hole plasm a (EHP) in a n-G aAs sam ple. The recom bination o f  

the photogenerated carriers results in lum inescence. The n-type Si doped G aA s 

sam ple (with N D =  10,8cm -3) is cut into a parallelepiped after alignm ent by x-ray 

diffraction and cem ented into a pair o f  brass cups. The brass cups are contained in 

a stress frame where the upper cup is fixed and the low er cup is m ovable (see fig ­

ure 4 .5 .1 ). A upward force on the lower cup applies an uniaxial com pression to the 

sam ple. The needed force is exerted by an elongated spring w hich is m agnified by 

a lever and transmitted by a pull frame to a pin which exert an upward force onto  

the brass cu p .115 The stress frame with the pull frame and sam ple is placed into an 

optical liquid nitrogen dewar for low  temperature experim ents. B y varying the 

applied pressure, the pressure dependence o f  the PL is observed.

The PL from the sam ple is analyzed with a polarizer and dispersed in energy
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Figure 4 .5 .1 . Schem atic diagram o f  the static uniaxial stress apparatus.
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Figure 4 .5 .2 . Energy and tim e resolved im age o f  the photolum inescence from G aAs.
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using a 2 15 m m  C zem y-T um er spectrograph with a 150 gro oves /m m  grating 

(Jarrell-Ash). This frequency dispersed spectra is subsequently detected by a streak 

camera and v id eo  camera. In the synchroscan streak camera (Hamamatsu Photon­

ics), the light is converted into photoelectrons by a m ulti-alkali photocathode and 

dispersed in time by a pair o f  deflection plates and reconverted back into photons 

by a phosphor screen. The output o f  the streak camera is detected by a SIT camera 

(Hamamatsu Photonics) w hich is controlled by a m ultichannel analyzer (Hamamatsu 

Photonics). A typical im age from the m ultichannel analyzer is show n in figure 

4.5 .2 . The data is then transferred to a VAX' 11/780  (D igital Equipm ent) or Sparc 

Station 2 (Sun M icrosystem s) for analysis.
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4.5B Unstressed GaAs

A typical tim e integrated spectra o f  the unstressed n-G aA s at a sam ple tem ­

perature o f  104K is show n in figure 4 .5 .3 . The PL peaks at ~ 8 2 5 nm with a 

FW HM  o f  ~ 5 5 m eV .  This w ide PL width is due to the 1018cm -3 doping. The time 

resolved PL spectra o f  the unstressed n-G aAs is shown in figure 4 .5 .4 . There are 

several interesting features displayed in figure 4 .5 .4 . First, the coo lin g  o f  the hot 

EHP can be seen in the sharp peak in the 10m eV  slice centered at 1580m eV o f  the 

unstressed G aA s PL spectra. L ooking at the first 500ps for the 1500m cV band in 

more detail (see figure 4 .5 .5 ), it can be seen that the holes cool within the resolu­

tion o f  the experim ent (12p s ) .  This is in agreement with previous resu lts.114

Another interesting feature displayed in figure 4 .5 .4  is the nonexponential 

decay o f  the PL for different energies. The PL is related to the recom bination o f  

the photogenerated electron hole pairs (i.e., n ( i )  electrons, p i t )  holes, with 

n ( t )  = p ( t ) ) .  From the detail balance requirem ent,116 the relaxation o f  the carrier 

densities to the equilibrium  carrier distribution («, electrons and p { ho les) is  given

Ignoring reabsorption and including A uger type transitions, the decay o f  the gen-

by

d n ( t )  d p ( t )
~ d i  d T  “

(4 .5 .1 )

erated ex cess  carriers can be described b y 117

^  =  -  A p ( t )  -  B p ( t ) 2 -  C p i t ?  , 
dt

(4.5.2)
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Figure 4 .5 .3 . A plot o f  the time integrated spontaneous em ission  spectra from un­

stressed n-G aA s at T  =  1 0 4 /f.



106

Okbar

co

►—i
CO
z

z  
*—<

0 1000 2000
TIME ( p s )

Figure 4 .5 .4 . Plots o f  the time resolved spectra o f  unstressed n-G aA s (— ) for 

10m e V  s lices  at a) 1480m e V ,  b) 1500m eV, c) 1520m eV ,  d) 1540m e V , e) 1560m eV ,  

and f) 1580m^V. The dash lines are the fit to the data using equation 4 .5 .3  (see  

text for details).
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Figure 4 .5 .5 . A plot o f  the time resolved spectra for a 10m eV  s lices at 1580m eV  for 

the first 500p s .
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where A  =  A r + A ^ ,  A r is the radiative recom bination coeffic ien t, A „  is the nonra- 

diative recom bination coeffic ien t, B  is the bim olecular recom bination co e ffi­

c ien t,1,6,118 and C is the recom bination coeffic ien t for co llisional and phonon 

assisted A uger transitions.119 Equation 4 .5 .2  can be rewritten as

fjP = — A 
dt

P +  bAp 2 +  cAp 3 (4 .5 .3)

w here bA = b / A , b  = B P a , cA = CP}} / A , and p  is defined by p ( t )  = P ap ( t ) .  

S in ce ,119 C ~  10_29cm 65 _1 and the photogenerated EHP density is 1015cm -3 , the 

third term on the right hand side o f  equation 4 .5 .3  is neglig ib le compared to the two  

other terms.

W ith C  =  0 , the analytic solution to equation 4 .5 .3  is

- l
p i t )  = (1 + bA ) e Al -  bA (4 .5 .4)

The constants A and b  for various lOmcV tim e slices between 1470m eV to 

1540m eV are determ ined by least square fitting o f  the data to equation 4 .5 .4  (see  

figure 4 .5 .4). From the fitting, it is found that b  =  4 .6 x 1 0 -3p5-1 is approxim ately  

constant over this energy range. The decay constant A is found to vary with energy  

(see  figure 4 .5 .6 ). The decay constant A is seen to decrease for energies below  

1500/ncV , while above 1500mcV' it is alm ost constant. The energy dependence o f  

the recom bination constant A in figure 4 .5 .6  has the fo llow in g  form,

A =  A , + A- h i - i
E

(4 .5 .5 )
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It is interesting to note that energy dependence o f  the recom bination constant A is 

identical to the energy dependence o f  the allow ed direct transitions.120 A least 

square fit using equation 4 .5 .5  to the data show n in figure 4 .5 .6  yields values o f  

A ] = 2 .5 x l0 ~ 4p s _1, A 2 =  4 .2 x l0 -3p j _1, and E =  \ A l \ m e V .

The temperature dependent direct intrinsic gap o f  G aA s is given by 121

e.(T-) = 1 5 1 W  -  l0 '54° 87 ’2l/0 ^ ' ) • (4 .5 .6)

The band gap is e , (T =  104K ) =  ISOOmeV. O f course, since the experim ental sam ­

ple is 1 0 18 Si doped n-G aAs, the band gap is expected  to be slightly sm aller122 than 

given by equation 4 .5 .6 . It can be seen that the fitted value for the effective band 

gap is quite reasonable.
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Figure 4 .5 .6 . A plot o f  the decay constant A (+) as a function o f  the transition ener­

gy. The solid line is the fit from equation 4 .5 .5 .
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4.5C Stressed GaAs (Energy Domain)

Under uniaxial stress, the four-fold degenerate valence subband o f  G aA s is 

split into tw o spin degenerate bands (vj and v 2 bands) as show n in figure 4.4 .1b . 

The shifts o f  the G aA s band ed ges under uniaxial stress have been w ell established  

by modulation spectroscopy.123 The shifts o f  the valence band edges relative to the 

conduction band edge under static uniaxial stress (see for exam ple A ppendix A 2)

are110

4 W X ) = 6 £ „ - ^ - ^  +  . . .  . (4 .5 .7a)
2 2A„

Cr

A £c_v2(X ) =  &£// +  — p ~  , (4 .5 .7b)

and

Cr2

A £ c_v3(X ) =  6 E„  +  — +  . . . , (4 .5 .7c)
z / \ 0

w here111 6 £ „  = ( a z+ a \  ) (5 f , + 2 S f2 )X , d E m  =  2 b \ ( S 2u - S \ 2 ) X ,

a zc + a \  =  %12QmeV, b \  =  2000 m e V , 5 j ,  =  1 .2 x l0 _3/:ftflr_1 and

5)2  =  - 0 .4 x l 0 _3i(:fear_1 are the G aA s elastic constants,108 and X  is the com pressive  

uniaxial stress. The energy shifts according to equation 4 .5 .7 , are plotted in figure 

4.5 .7 . Note that this is identical to equation 4 .4 .11 . This is  to be expected since

for P  =  Okbar,  the stress vector for shock com pression (4 .3 .4 ) is identical to the

stress vector for uniaxial stress (2 .2 .11). The shift o f  the c - v x transitional energy is 

only a few  me V  up to a stress o f  10kbar ,  whereas the shifts o f  both the c - v 2 and 

c - v 3 transitional energies increase m onotonically with com pressive stress.
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The matrix e lem ents for [001] uniaxially stressed G aA s have a lso  been calcu­

lated .115,123 W ith stress, the matrix elem ents | < c |  e  p | v >  | 2 (see A ppendix A 3)

for different polarization relative to the [001] stress ax is (to first order in

proportional to

8Eo
) are

1 +
8£o

1 -
28Eo

(4 .5 .8)

1 -
28E0

1 +
8Eu

N eglecting the c -v3  transitions, this im plies that the lum inescence polarized parallel 

to the stress axis is com posed  o f  on ly  c -v l transitions. The lum inescence polarized  

perpendicular to the stress axis is a mixture com posed  o f  both c -v l  and c -v 2  transi­

tions. Therefore, a com parison o f  the parallel and perpendicular polarized PL w ill 

give information about the c-v2 transition.

B y applying stress to the n-G aA s sam ple, the c -v l  and c-v2  transitional ener­

g ies w ill vary according to equations 4 .5.7a and 4 .5 .7b , respectively. The time 

integrated spectra for PL polarized parallel and perpendicular to the [001] stress 

•>xis are plotted in figure 4 .5 .8a  to 4 .5 .8e (for stress X  =  \k b a r  to 5 kbar ,  respec­

tively). From figure 4 .5 .8 , it can be seen that the c -v l  transition (i.e ., the PL polar­

ized parallel to the stress axis) shifts according to equation 4 .5 .7a . The c-v2
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Figure 4 .5 .7 . The shifts o f  the v l ,  v 2 , and v 3  valence subband ed ges relative to the 

conduction band edge as a function o f  [001] uniaxial stress.
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Figure 4 .5.8a. A plot o f  the tim e integrated spontaneous em ission spectra polarized  

|| (— ) and X (— ) to the [001] stress axis from n-G aA s at T =  104/f for X  =  lk ba r .  

The difference between the PL polarized parallel and perpendicular to the stress 

axis g ives the contribution to the PL from the c -v2  transitions (see text). A s  a 

guide, the expected shifts o f  the c -v 2  PL as a function o f  stress are plotted as tics.
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Figure 4 .5 .8b . A plot o f  the time integrated spontaneous em ission  spectra polarized  

|| (— ) and X (— ) to the [001] stress axis from n-G aAs at T =  I 0 4 K  for X  -  l k b a r .  

The difference between the PL polarized parallel and perpendicular to the stress 

axis g iv es  the contribution to the PL from the c-v2 transitions (see text). A s  a 

guide, the expected shifts o f  the c-v2  PL as a function o f  stress are plotted as tics.
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Figure 4 .5 .8c. A plot o f  the tim e integrated spontaneous em ission  spectra polarized  

|| (— ) and X (— ) to the [001 ] stress axis from n-G aAs at 7  =  104K  for X = 3kbar .  

The difference betw een the PL polarized parallel and perpendicular to the stress 

axis g iv es  the contribution to the PL from  the c-v2 transitions (see text). A s a 

guide, the expected shifts o f  the c -v 2  PL as a function o f  stress are plotted as tics.
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Figure 4 .5 .8d. A  plot o f  the tim e integrated spontaneous em ission  spectra polarized  

|| (— ) and l  (— ) to the [001] stress axis from n-G aA s at T  =  104/C for X  =  4kbar .  

The difference betw een the PL polarized parallel and perpendicular to the stress 

axis g iv es  the contribution to the PL from the c-v2  transitions (see text). A s a 

guide, the expected shifts o f  the c-v2 PL as a function o f  stress are plotted as tics.
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Figure 4 .5 .8e. A plot o f  the tim e integrated spontaneous em ission  spectra polarized  

|| (— ) and x  (— ) to the [001] stress axis from  n-G aA s at T  =  104/C for X  =  5kbar.  

The difference betw een the PL polarized parallel and perpendicular to the stress 

axis g ives the contribution to the PL from the c-v2  transitions (see text). A s a 

guide, the expected shifts o f  the c-v2  PL as a function o f  stress are plotted as tics.



transitions can be extracted, as noted above, by subtracting the parallel PL spectrum  

from the perpendicular PL spectrum. A s a check, the sum o f  the parallel and per­

pendicular PL spectra agree quite w ell with the unpolarized spectra. The c -v 2  PL  

for various com pressive stress are plotted in figure 4 .5 .8 . The width o f  the c -v 2  PL  

( - 4 0 m e V )  is found to be slightly narrower then the c -v l PL. From equation 4 .5 .7b , 

the blue shifts for X =  l k b a r  to  5kbar  relative to X  =  0 kbar  are a lso  plotted as tics 

above the c-v2  profiles in figure 4 .5 .8 . N ote, these ticks have been shifted to  point 

to the peak positions and not the band gaps. From figure 4 .5 .8 , the c-v2  PL can be 

seen to blue shift in agreem ent with equation 4.5.7b.
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4.5D Stressed GaAs (Time Domain)

The stress dependence o f  the changes in the gain o f  sem iconductor lasers has 

been studied in relation to changes in the e ffective  m ass o f  the h o le s .124 The stress

m ass that is linearly dependent on the stress (m a  p =  m a +  m a |8 |[jX , for a  =  v 1 or 

c and (i =  || or Ĵ ). The absorption coeffic ien t as a function o f  stress (see Appendix  

A 5) is given by

P i l f e r 1 = mc | |(X r '  + m , | ,(A T \ p ^ X )-1 = m c I ( X ) '1 +  m , 1(X )_1, m c is the con ­

duction band effective m ass, and m  j is the v l  valence band effective m ass. It can 

be seen that for 8^ > 0  and 8^ < 0 , the absorption increases m onotonically with 

stress. The increase in the absorption coeffic ien t causes the penetration depth o f  the 

incident laser pulse to decrease. Therefore, assum ing all other factors are constant, 

the sam e number o f  carriers is generated but in a sm aller volum e. T his im plies an 

increase in the photogenerated carrier density as a function o f  stress. S ince the PL 

photon flux at initial tim e116 is proportional to P%, by taking the square root o f  the 

number o f  photons detected at initial tim e, P a can be determined. The ratios 

APa (X)  = P 0 ( X ) / P 0 (X =  Qkbar)  are plotted as crosses in figure 4 .5 .10 . This 

increase o f  ~50%  for P Q for a stress o f  X =  5kbar  can be attributed to the change

dependence o f  the absorption coeffic ien t has been calcu lated125 using an effective

A a i h v ,  X ) (4 .5 .9)

where A j(X ) = A° -  A £c_v l(X ), A° = h v  -  Eg , \ia x s  m c 1 + 1 , u =
P,|(X)

P , ( X ) ’
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in the absorption coeffic ien t as a function o f  stress. T o com pare the experim ental 

data with equation 4 .5 .9 , a few  constants are needed. For G aA s, the effective  

m asses are126 m c =  0 .0 6 6  and = 0 .082 . For an applied stress o f  X  =  0 kbar  to

A j(X ) n
5kbar ,  ----------- = 1. Since 8? and 8 i \  ( for B =  II and | ) have the sam e order o f

A°

m agnitude and sign, by using 8 |  =  8|)j =  8 (| =  0.1 l k b a r ~ ] and 8^ =  8 ^  = 

8, = - 0 . 0 9 kb a r~ ' , there is good agreem ent with the experim ental data (see figure 

4 .5 .10).

The tim e resolved spectra o f  stressed n-G aA s is qualitatively sim ilar to the 

unstressed n-G aAs (see figures 4 .5 .9  and 4 .5 .4 ). B y  fitting a 40m eV  slice  o f  the c- 

v l  PL (i.e ., the PL polarized parallel to the stress ax is) to equation 4 .5 .4 , the change 

o f  the decay constants b  and A as a function o f  stress can be determ ined (see fig ­

ures 4 .5 .1 0  and 4 .5 .11). A lso  plotted as a solid  line in figure 4 .5 .11 , is the change 

in the matrix elem ent as a function o f  stress (equation 4 .5 .8 ). It can be seen that 

the variation o f  A with stress can be attributed m ostly to the stress dependence o f  

the matrix elem ents. The decay constant b  which is plotted in figure 4 .5 .3 0  also  

show s a strong stress dependence. It appears that the stress dependence o f  b  is the 

sam e as the stress dependence o f  P a . From this one may conclude that the stress 

dependence o f  b  =  B P a is  due entirely to the stress dependence o f  P 0 and that the 

bim olecular recom bination coeffic ien t B  is essentia lly  independent o f  stress. From 

the experim entally determ ined value o f  the recom bination constant b  at X  =  Qkbar 

(ba =  5 x lO ~ V 5_1) ar>d a carrier density o f  1015cm -3 , the bim olecular recom bination



coeffic ien t for this experim ent is B =  b / P 0 =  5 x lO _6c/w3s _1. This is different than 

the reported127 values o f  6  = 5 x l 0 _8cm 35 -1 to B =  5 x lO _10cm 3s _]. This d ifference  

can be attributed to surface recom bination and a nonuniform  photogenerated carrier 

density which have a strong influence on the bim olecular recom bination c o e ff i­

c ien t.128

Since the decay o f  the PL is  nonexponential, the lifetim e o f  the hole is time 

dependent.116 H ow ever, an e ffective  lifetim e can be defined as the tim e for the 

photogenerated carriers to decrease to e ~ ] o f  its initial value. The e ffective  life ­

tim e117 can be obtained from equation 4 .5 .4 , by solving e~l = p ( t ef f )  for t ef f  (see  

A ppendix A 6). This y ields

V /  =  j  ln
Ae +  b  
A +  b

(4 .5 .10a)

where e  =  2 .71828 . S ince A ( X )  = A aA A { X )  and b ( X)  =  b 0 A b (X ) ,  this expression  

can be rewritten as

Zeff A 0 A A ( X )  ln

A 0 A A ( X )  e  + b 0b b ( X )
(4 .5 .10b)

A 0A A ( X )  +  b 0 A b ( X )

U sing the experim ental values o f  A 0 =  QxlO-4^ -1 , b a =  5 x 1 0 “V i -1 , and the 

A 4 (X ) and Ab ( X )  show n in figures 4.5.11 and 4 .5 .10 , respectively, the effective  

lifetim e o f  the v l  holes as a function o f  stress is plotted in figure 4 .5 .12 . It can be 

seen that there is a 70p s  decrease o f  the v l  hole e ffective  lifetim es as the stress on  

the n-G aA s is increased from X  =  0 kbar  to X  =  5kbar.
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Figure 4 .5 .9 . Plots o f  the tim e resolved spectra o f  stressed (X =  5k b a r )  n-G aA s (— ) 

for 10m e V  slices at a) 1480/weV, b) \ 5 0 0 m e V ,  c) 1520m<?V, d) 1540m eV , e) 

1560m eV , and f) 1580m eV . The dash lines are the fit to the data using equation  

4 .5 .3  (see text for details).
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Figure 4 .5 .10 . A  plot o f  the change in P 0 (+) together with the change in decay  

constant b  ( D  and A) as a function o f  stress X .  The solid  line plotted is the 

theoretical prediction from equation 4 .5 .9  (see text).
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Figure 4 .5 .11 . A  plot o f  the change in the decay constant A ( □ )  as a function o f  

stress X . The solid line is the change in the matrix elem ent as given by equation  

4.5 .8 .



Turning our attention to the c-v2  transitions, from figure 4 .5 .8  it can be seen 

that the c -v2  PL is not clearly separated from the c -v l  PL and is also much weaker 

than the c -v l  transition. The c-v2  time resolved PL can be obtained from the 

difference o f  the parallel and perpendicular PL (as described in section 4 .5c). The 

stress dependence o f  the lifetim es o f  the v2 holes can be extracted using this 

approach. H ow ever, this m eans that the accuracy is not as good as for the c -v l  

transitions. L ooking just at the time resolved spectra o f  the c-v2 transitions for 

X  = 5kbar  (extracted from the data show n in figure 4 .5 .8e), the PL from the c-v2  

transitions has the sam e qualitative features as the PL from the c -v l transitions (see 

figure 4 .5 .13). U sing equation 4 .5 .4 , the bim olecular recom bination coefficient 

(B =  5 x l 0 ' 6cm 3s _1) for the c-v2  PL (see figure 4 .5 .1 3 ) is the sam e as for the c -v l  

transition at X  =  5kbar .  The c-v2 decay constant is A ~ S A x l O ^ p s ' 1, in contrast 

with the observed A ~  lO .xK T 4/ ^ 1 for the c -v l transition at X  = 5kbar.  From 

equation 4 .5 .1 0 a , this yields on ly  a d ifference o f  8p s  betw een the effective lifetim es  

(TeyyO o f  the c -v l  holes and the c-v2  holes. Therefore within the experim ental accu­

racy, the decay tim es o f  the c-v2  transitions and the c -v l  transitions are alm ost the 

same. This is to be expected, since the holes are therm alized am ong the v l  and v2 

valence bands within l i p s . 114

In sum m ary, three major strain effects have been observed in the hole dynam ­

ics o f  n-G aA s. The transitions involving the v l  and v2 valence bands have been 

seen to blue shift. The stress dependence o f  the e ffective  m ass causes an enhance­

ment o f  the absorption coefficien t, which show s as an increase in the density o f  the
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Figure 4 .5 .12 . A  plot o f  the effective lifetim es o f  the v l  holes ( Q  ) as function o f  

stress X .  The dash line is plotted as a guide.
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Figure 4 .5 .13 . A plot o f  the time resolved spectra (— ) for a 40m eV  slice at 

1555m eV  o f  the c -v2  PL from X  =  5kbar  uniaxially stressed n-G aA s together with 

the fit (— ).



photogenerated carriers. The tim e resolved FL spectra from  n-G aAs is found to be 

nonexponential. The decay constant B  is independent o f  stress, w hile the stress 

dependence o f  the decay constant A is in agreem ent with the stress dependence o f  

the matrix elem ents. It is found that the effective lifetim es o f  the v l  holes decrease 

as a function o f  stress.
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4.6 Gallium Arsenide Quantum Well

The fourth shock com pression experim ent is on a 5nm G aA s quantum w ell. 

For the G aA s quantum w ell, the 3 0 m / pump pulse is focused to a 1250pm  diam e­

ter spot on the aluminum foil. The 4 0 0 nJ probe pulse which is collinear and 

counter-propagating relative to the pump pulse is focused to a 750pm  diam eter spot 

on the front surface o f  the sample. Data are recorded with the sam ple held at 

T  =  80K . A representative spectra o f  the PL from the unshocked and the shocked  

G aA s quantum w ell is shown in figure 4.6.2. In this figure, there are tw o em ission  

lines in both the unshocked and shocked PL spectra. In the unshocked spectra, 

there is a strong line centered at ~1645m cV  with a FW HM  o f  ~ 3 5 m eV  and a very 

weak line at ~ 1 695me V.  In the same figure, the shocked spectra show s the same 

strong line blue shifted to ~1660m cV  with a FW HM  o f  ~ 4 0 meV  and the very weak 

line is blue shifted to ~1703meV'.

For an unstressed 5nm G aA s quantum w ell, the valence (and conduction) 

bands are quantized by the confining w ell potential (see  figure 4 .6 .1 ). The low est 

transition band is at \ M l m e V  and is denoted the c -h h l transition . 1 2 9  The next 

higher transition is at MQllmeV and is denoted the c - lh l transition. Exam ining the 

unshock spectrum displayed in figure 4 .6 .2 , the c -h h l transition is readily observ­

able, whereas, the c -lh l transition is bearly observable in the noise o f  the spectrum. 

The unshock spectrum has a blue shift o f  Ac_Wll = 15m e V  for the c -h h l transition. 

It is d ifficult to observe the c -lh l transition, but there appears to be a blue shift o f
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\ - t h \  = 8 m«V under shock com pression.

The sam e type o f  analysis as described in section 4 .4  can be used for the 

shocked G aA s quantum w ell (see figure 4 .6 .2). It has a lso  been show n 1^ 0 , 1 -*1 that 

the stress dependence o f  the energy shift o f  the c -h h l transition is  identical to c -v 2  

transitions in bulk G aA s for X  < 5 kbar  along the growth direction. For the c -lh l  

transition, the stress dependence o f  the energy shifts is qualitatively the sam e but is 

approxim ately 10% greater than the bulk situation. N eglecting this 10% difference  

betw een the bulk and the 5 nm quantum w ell, the energy separation between the c- 

hhl and the c -lh l transitions (AM /1) is plotted in figure 4 .6 .3 . Note that AAin 

decreases as a function o f  X .  The low est transition c-h h l has a larger blue shift (as 

a function o f  X )  as compared with the blue shift o f  the next higher transition c - lh l.  

C onsequently, as X  increases, the energy separation betw een the c-h h l and the c- 

lh l transitions decreases. Looking at the shock com pression data for the G aA s  

quantum w ell (see figure 4 .6 .2 ), there is a blue shift o f  Ac_hhx = 15m eV  and 

Ac-ih\  = 8 m eV for the c -h h l and c -lh l transitions, respectively. The difference  

betw een the blue shift o f  the c -h h l and c -lh l transitions g iv es  the change in the 

separation between the c -h h l and c -lh l transitions (i.e., 

V / A 1 -  Ac-kh\  =  8 meV -  \5 m e V  =  - I m e V ) .  Therefore, the separation between  

the c -h h l and c - lh l transitions under shock com pression becom es A / i i / iW  -  

&h\i \(X =  Okbar) +  (~7m eV)  =  56 me V -  I m e V  =  49 m eV .  From figure 4 .6 .3 , 

Ah m (X)  =  4 9 m eV  corresponds to X  ~ \ k b a r .  This im plies that there is ~ \ k b a r  

difference betw een the longitudinal and transverse com ponents o f  the shock wave.
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Figure 4 .6 .1 . Schem atic diagram o f  the energy levels  in a 5 nm G aA s quantum w ell.
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Figure 4 .6 .2 . A plot o f  the unshocked (— ) and shocked (— ) spontaneous em ission  

spectra from a 5 nm G aA s quantum w ell at low  probe intensity (4 0 0 nJ).
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Figure 4 .6 .3 . A  plot o f  the stress dependence o f  the separation betw een the G aA s 

quantum w ell transitions c -h h l and c -lh l (AhU]).



In summary, shock com pression o f  a G aA s quantum w ell along its growth 

direction has been observed. The determination o f  the stress com ponents o f  the 

shock w ave is identical to the analysis for bulk G aA s. It is found that there is 

~ \ k b a r  d ifference betw een the longitudinal and transverse com ponents o f  the shock  

wave.
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V . C on clu sion

In this thesis, the fo llow ing has been learned about laser generated shock  

w aves. First, the generation o f  reproducible shock w aves using p icosecond laser 

pulses requires all surfaces to be plane and parallel to each other so  that there is  

good m echanical contact betw een the sam ple, the aluminum foil, and the quartz 

overlay. Second, confinem ent o f  the plasm a by a quartz overlay a llo w s the genera­

tion o f  high pressures. Finally, to increase the generated pressures, the energy o f  

the laser pulses can be increased w hile keeping the spot size constant.

From the shock com pression experim ents on G aSe, the spontaneous and stim u­

lated PL is attributed to an exciton exciton scattering m echanism . One o f  the 

effects o f  the shock com pression is to change the band gap, which causes charac­

teristic changes in the PL spectra within the fram ework o f  the exciton exciton  

scattering m odel. The shock induced line broadening is related uniquely to the 

transient nature o f  shock com pression.

From the shock com pression experim ents on C dSe, an increase in the PL from  

shocked C dSe as compared with the unshocked C dSe has been observed. O ne p o s­

sible explanation for this increase in the observed PL intensity under shock  

com pression is the increase o f  the absorption coefficien t due to the increase in the 

effective  m ass (sim ilar to the effect seen in the G aA s static com pression experi­

m ents). The time evolution o f  the shock pressure P  in CdSe has a lso  been deter­

m ined from  the blue shift o f  the PL under shock com pression. T he difference



betw een the longitudinal and transverse stress com ponents o f  the shock w ave  

([A> + X ] - ( / >] = X )  can not be determined in these shock com pression experi­

m ents. There are tw o main problem s encountered in this experim ent. First, the PL 

lines corresponding to the c - v B transition and the c - v A transition can not be 

resolved. Second, within the range o f  shock pressure o f  interest, the transition with 

the low est energy can be either c - v A or c - v B (see figure 4 .3 .5 ). This m akes the 

analysis o f  the shock com pression experim ent very difficult. Therefore, tw o criteria 

that must be met in order to determine the transverse and longitudinal stress co m ­

ponents o f  the shock w ave is: 1) the PL em ission  lines corresponding to tw o transi­

tion which separate as a function o f  X  must be clearly resolved; and 2) the ordering 

o f  the energy o f  the tw o transitions should not be changed within the range o f  

shock pressure o f  interest.

It turns out that the valence bands o f  G aA s have the appropriate X  behavior 

needed for a unique determination o f  the transverse and longitudinal stress co m ­

ponents o f  the shock w ave. From the shock com pression experim ents on G aA s, the 

transverse and longitudinal stress com ponents o f  the shock w ave can be determ ined  

from the shifts and splittings o f  the PL. The longitudinal stress com ponent can be 

written as the sum o f  hydrostatic pressure plus a uniaxial stress. The uniaxial stress 

increases to a m axim um  o f  ~ 9 kbar  then decreases. Therefore, the longitudinal 

stress com ponent and the transverse stress com ponent are unequal for shock propa­

gation along the [001] direction o f  bulk n-GaAs.
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In the shock com pression experim ents on G aA s, an increase in the PL intensity 

under shock com pression has also been observed. In this case, the increase can be 

qualitatively explained by the enhancem ent o f  the absorption coeffic ien t due to the 

stress d ifference betw een the longitudinal and transverse stress com ponents o f  the 

shock w ave.

In the static uniaxial com pression experim ents on G aA s, three major strain 

effects have been observed in the hole dynam ics. The band ed ges involving the v l  

and v2 valence bands have been seen to blue shift. The stress dependence o f  the 

effective m ass causes an enhancem ent o f  the absorption coeffic ien t, which show s as 

an increase in the density o f  the photogenerated carriers as a function o f  stress. A s  

discussed above, this is also the m ost likely explanation for the increase in the PL 

from G aA s under shock com pression. The time resolved PL spectra from  n-G aAs 

is found to be nonexponential. The bim olecular recom bination coeffic ien t B  is 

independent o f  stress, w hile the stress dependence o f  the decay constant A is in 

agreem ent with the stress dependence o f  the matrix elem ents. It is found that the 

effective lifetim es o f  the v l  holes decrease as a function o f  stress.

A lso  in this thesis, the first observation o f  shock com pression  o f  a G aAs quan­

tum w ell along its growth direction has been observed. T he determination o f  the 

stress com ponents o f  the shock w ave is  identical to the analysis for bulk G aA s. It 

is found that there is ~ 1  kbar  d ifference between the longitudinal and transverse 

com ponents o f  the shock wave.
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V I. F u tu re D irection

6.1 Shock Propagation In Semiconductor Heterostructures

From the shock com pression experim ents on bulk G aA s and quantum w ell, it 

has been shown that the stress com ponents o f  the shock w ave can be measured as a 

function o f  the propagation tim e. T his suggests tw o new  series o f  experim ents 

involv ing  shock propagation. First, it is interesting to sim ultaneously measure the 

shock velocity  Us  and the tim e evolution o f  the longitudinal and transverse stress 

com ponents o f  the shock w ave. This can be accom plished by looking at the PL 

from tw o  different quantum w ell (see figure 6 .1 .1). B y varying the pump-probe 

delay tim e, the shock profile can be determined from  the PL from quantum w ell #  1 

(see section 4 .6). If the width o f  quantum w ell # 2  is chosen such that the PL 

occurs at a spectral region separated from the PL from quantum w ell # 1 , the shock 

profile in quantum w ell # 2  can be sim ultaneously determ ined. This also provides 

the tim e xq  needed for the shock front to m ove from quantum w ell #  1 to quantum  

w ell # 2 . The shock velocity  can then be determ ined from  a time o f  flight calcu la­

tion, since the spatial separation o f  the tw o quantum w e lls  (Iq ) is  know n (i.e., 

Iq
Us  =  For this experim ent, the experim ental setup described in section 3.3

XG

need to  be m odified for liquid H elium  temperatures, since this w ould g ive a better 

signal to noise ratio. At liquid H elium  temperatures, it may also  be possib le to 

resolve the lum inescence due to transitions involv ing  defects from the lum inescence
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prob e  region

sh o c k  w a v e

■Quantum Well #1

■Quantum Well # 2

Figure 6 .1 .1 . Schem atic diagram o f  shock propagation in structures.
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due to band to band transitions.

Another experim ent concerns the influence o f  the peak pressure generated on 

the time needed for the equilibration o f  the longitudinal and transverse stress com ­

ponents o f  the shock w ave. For this experim ent, an experim ental setup sim ilar to 

the one described in section 3.3 can be used with a more powerful laser, so that the 

generated pressure can be increased.



6.2. Intervalence Transitions

O ne o f  the questions raised by the results o f  the stressed G aA s is  what is the 

net transition tim e betw een the v l  and v 2  valence subbands as a function o f  stress. 

The current experim ental setup used for the static uniaxial com pression experim ent 

cannot be used to obtain this time. H ow ever, by substituting a tunable laser (such 

as a Ti.sapphire laser) for the CPM  laser in the experim ental setup described in sec ­

tion 4 .5 , the transition time may be determ ined. The basic idea is to observe the 

rise time o f  the photolum inescence at the T point. B y com paring the rise time 

when the probe beam  energy is tuned to generate holes in both the v l  and v 2

valence subband (see figure 6 .2 . 1 b) with the control situation where the probe beam

energy is tuned to just above the v 2  so  that it can on ly  generate holes in the v l  

valence subband (see figure 6 .2 . 1a), the transition tim e between the v l  and v 2

valence subband can be determ ined. N ote that this transition time can only be

determ ined if  it is greater then the resolution o f  the experim ental setup (otherw ise, 

on ly  a upper lim it can be determ ined). From the typical pulse width o f  a 

Ti:sapphire laser o f  2p s ,  the resolution o f  the experim ent is determ ined by the reso­

lution o f  the synchroscan streak camera w hich is  lOps.
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PROBE

,V 1

V2

- V 3

( a )

C

PROBE

V1
V2

V3-

(b)

Figure 6 .2 .1 . Schem atic diagram o f  generation o f  carriers in a) control situation and 

b) test situation, using a tunable laser.
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A p p en d ix

Al. CdSe Transitional Energy Shifts Under Shock Compression

U sing the elastic com pliance for hexagonal lattices (4 .3 .3 ) and the shock  

com pression stress vector (4 .3 .4), the strain stress relationship (2 .2 .7 ) is

£ n
rw 
* 11

C w 
^ 12

r w
^  13 0 0 0 - p

e 22
r w
“  12 11

r w
^  13 0 0 0 - p

£33
C*v

13
r h
^ 13 ^  33 0 0 0 - P  -  X

2 e 23 0 0 0
r w
0 4 4 0 0 0

2 e 31 0 0 0 0
rw
0 4 4 0 0

2 e 12 0 0 0 0 0 2 ( s r , - s r 2 ) i 0

This y ields the strain stress relationship for shock com pression along the c axis in 

hexagonal sem iconductors:

Ell = Z 22 =  - ( S ^  +  S'?2 + S ' ? i ) P  - S ^ x  ; (4.3 .5a)

e 3 3 =  - ( 2 S r 3 + S 3*3) /> - S ^ X  ; (4 .3 .5b)

and

2 e 23 =  2 e 31 =  2 e 12 = 0  (4 .3 .5c)

From equation 4 .3 .5 , note that

£♦ — £] i E22 — 2 /£  j 2 =  ® (A 1. la )

and

£±c =  £31 1  <e23 =  0 (A 1.1b)
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U sing equations A 1.1 and 4 .3 .5 , the strain Ham iltonian 4 .3 .2b  becom es

H o r b  -  « r ( E l l  +  e 22) + flOe 33 +  +  e 2 2 ^ 3  +  ^O e33^3

=  - 8 E ?  - 5E»]z.,’ (A  1.2)

where

§ £ -  ■ *o p + 2«r sr, +5^2 + ^

and

8 £ “  s  (2 s r 3 +  s & J  p  +  2 ^  [* r .  +  s r 2 +  s 13

X . (4 .3 .8)

The crystal field and spin orbit Ham iltonian is

H  s o - c f  A| L g - i +  A? L \ -  1 + A,'ci2 ^3  °3  ~  y (4 .3 .1)

2AJO Ac j 2 Ac j 2
where A, a  — —  -  _ _  and A2 = A „ ,  + — —

From the stress Hamiltonian A  1.2 and the crystal field  and spin orbit Hamiltonian  

4 .3 .1 , the Ham iltonian for the valence band is

H v s  H so_cf + H orb = Cft + C r O ,  +  C \ 0 ^  +  C ? 0 3" , (A1.3)
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where

and

Ai A rc2
Co = - -y-  -  a 2 -  ~ y ~ -  ’ <A1-4a>

C ^ s A ,  , (A 1.4b)

C ?  s  A2 - 6 £ “ , (A 1 .4c)

c y s  Ac j2  . (A 1.4d)

and

The relevant operators are

O, = L o  , (A  1.5a)

=  , (A  1.5b)

=  . (A  1.5c)

U sing  the operators A 1.5 on the w ave function <t»v/4 = P + X i  yield

° \  *vA  =  \  • (A  1.6a)

0 2* O v4 =  <t>vA , (A  1.6b)

and

0?<t>vA = ^ vA • (A  1.6c)

U sing the operators A  1.5 on the wave function d>vB h  P _ X f yield

01 = - y ^ v B  _  ^ - ^ v C  . (A1.7a)
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o? Ovfl = OvB . (A 1.7b)

and

0 3w <t>v B = - j < t > vB ■ (A  1.7c)

U sing the operators A 1.5 on the w ave function <1^  = P ^ i  yield

0 } Q y c  =  - - } - < t > vB , (A 1.8a)

O J d)v C = 0  , (A 1.8b)

and

O 31 d>vC =  0  . (A  1.8c)

Since the wave functions are orthonormal (i.e., <  <t», | >  is  nonzero only for

i =  j ) ,  the matrix elem ents <  <I>J | |<X>7 >  can be obtained from  equations A 1.6,

A 1.7, and A 1.8. The on ly  nonzero matrix elem ents <  d>, | / / v |d>; >  are

<<!>„„ I / /„!<!>„*> = A r  =  CS + I c r  + C ?  +  I c ?  , (A1.9a)

<<*>vB| / / v |<I>VB > s A 2"' =  C 5 ' - I c r + C 5 ' - I c 5 '  , (A 1.9b)

< ^ vC\ H v \ ^ vC>  = A 3“' =  Q  , (A  1.9c)

< * vB\ H v \ * « >  =  A £  = - - ^ - C 7  , (A 1.9d)

and

s A 3" 2  =  - ^ C r  = A 2 3  ■ ( A 1 9 e )



m

T his yields the matrix

P J .  T P J L \ P > *1

A r 0 0

0 a ? A 23

0 A £ A 3"

w here the com ponents (from equation A 1.9) are

= - 5 £ -  -  b E *i a b

A ?  = " A , -  A„ 2 -  -  b E *  .

a ?  =

and

■A2 - } 4 , - 1 a „ 2 - 8 £ ?  ,

A ?3 = - ^ A ,

The eigenvalues o f  equation 4 .4 .7  are

K a =  K

K b =  ± A t 1 +  A r  + [(A?- 2 A
2 1 '

23

and

A2"+Ar ) - ^ [ ( Ar - A" 2A 23

(4 .3 .6)

(4.3.7a)

(4.3.7b)

(4 .3 .7c)

(4.3.7d)

(A 1.10a)  

(Al . l Ob)

( Al . l Oc)

Equation A  1.10 g ive the energy o f  the band ed ges o f  the CdSe valence subbands 

v^, vB, and vc . N ote that
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A 2h'+ a 3w
^SO

and

-6EZ- 4r  5£fa 2 &

i  [ k - + 2A 23 I T -
h o  cs 1 Vi 2 2 (Aw1;

T “ + ~ 9 a T

1 4Aril

6  9A C„
S £ «

; 8 £ ?  
9A, I

U sing A 1.11,  equation A  1.10 becom e

K a  =  - 5 £ ? - 8 £ “  .

_ 2A„, 2(A„,)‘
Avfl -  “  — 5—  “  \ s 2  + 9A C

8£a
i 4A« i  

3 + ~ ^ K I
6£ “ +  —  

b 9A C
8£ *

and

^vC -  - Aso -
V i 1 cs2 2 ( A „ j )

9A.„

8 £ -  -
2  4 ^ c

3 9AC
8£Jf -  —

9A.
8 £ *

( A l . l  la)

,2

( A l  l lb)

( A l . l  2 a)

(A 1.12b)

(A 1.12c)
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To obtain the transitional energy shifts, the shift o f  the conduction band with 

stress is also needed. U sing equation 4 .3 .5 , the strain Hamiltonian 4.3 .2a becom es

El l +  e 22+  e33

=  a . 2 s r 3 + S ? 3 P + 2 a ?

a ? S $ 3 + 2 a ? S w13

Therefore,

A -  = Q CHC& C =

= ° r P + 2a) 5 r i +  5 r 2 +  5 7 3

a ? S %  + 2 a ? S ? 3 X  . (A  1.13)

U sing equations A  1.12 and A 1.13, the transitional energies are

Ec_vA (P , X )  = £ ;  +  A cw - K a =  Eg +  5P/7 + 8 f  “ . (4.3 .9a)

Ec_vB ( P , X ) S E ?  +  A ? - K b

_L A 2 (A«1> j;r w+ a«2 -  — A  + 5£/7
9A t

1 ^ Ar s 1

y + 9 a .„
6 £ “ -  —  

b 9 A r
6£* (4.3.9b)

and



e c_vC {p , x ) ^ e ;  + a ? - K c

~w . ^cs\ ^cs l  2 (Ac i i)
= Eg + * io +  _  +  _ -  +

9A,
+ 5E/7

4A.Ml
9A .

6 £ *  +  - f -  
b 9A .

where

s e « »  [ [ « r  +  « o ]  ( 

+  [ [ a r  +  « o ]

M ' j  + S 33 + 2 i c  +  <ir s r .  + * &  +

s ? 3 +  2 i f l r  +  <i

Then, the shifts o f  the transitional energies with P  and X  are

AEc_vA(P ,  X )  = Ec_vA( P , X )  -  Ec_vA{P =  0*6ar , X =  0 k b a r )

= 6£/7 +  h E *  ,

A £c-vb(^» X )  ~  Ec- vB^p  ~  0 M a r ,  X  =  Okbar)

= « £ «  +
1 4 A „  1

I  +  " 9 A ~
8 £ “

2

9A JO b + . .

and

(4.3 .9c)

S o )] '*

(4 .3 .10)

(4.3.11a)

(4.3.11b)
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A X )  = E ^ ^ P ,  X )  -  E ^ i P  = Okbar, X  =  0 kbar)

> 4A,
= *EX  +

CS 1

9A,
BE*

+
2

8  £ “
9A~

b (4.3.11c)
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A2. GaAs Transitional Energy Shifts Under Shock Compression

U sing the elastic com pliance for cubic lattices (4 .4 .4) and the shock com pres­

sion stress vector (4 .3 .4 ), the strain stress relationship (2 .2 .7) is

E 11 S 'u s \ 2 5 ^ 0 0 0

E22 S \ 2 S \ i 0 0 0

E33 s \ 2 S 'u 0 0 0

2 e 23 0 0 0 0 0

2 e 3i 0 0 0 0 0

2 £ 12 0 0 0 0 0 0 4 4

- p

- p

- P  -  X

0

0

0

This y ields the strain stress relationship for shock com pression along the [001] axis  

in cubic sem iconductors:

E 11 “  E22 “

E33 =  "

5 , ,  + 2 S Z

S n  +  2 S 712

and

2 e23 -  2e31 -  2e 12 -  0  

From equation 4 .4 .5 , note that

£ , , +  E22+ E33

(4.4 .5a)

(4 .4 .5b)

(4 .4 .5c)

=  - ( S \ l + 2 S \ 2) ( 3 P + X )  , (A2.1a)



( S h - S \ 2 ) X L !  -

: 11 L , o ,  -  k  o +  c.p. ( S i , - S ] 2 )X

L 3 O3  -  - L a

2 , (A2.1b)

(A2.1c)

U sing equations A2.1 and 4 .4 .5c , the strain Ham iltonians 4 .4 .2  becom e
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H  orb & 1 e l l +  E22+ e 33 +  3 b \ -11 L ? ~ - L 2
3

+ c.p.

+  2^3d \ £ , 2 { L i ,  L 2} + c.p.

= - a \ ( S \ x+ 2 S \ 2) ( 3 P + X ) - l b \  [ ( $ ! , - S f 2 ) * L {  -  ~ L 2

and

(A 2.2a)

Hspm = 2 « ?2 Ell + E22 +  E33 L a  + 6  b \ -ii L , a ,  -  | l o +  c.p.

e ,2(L,o2 L2o,) + c.p . j

= - 2 f l 72 (S^,  + 2 S \ 2 ) ( 3 P  +  X ) L o

6  b% (■^11 “  $ 1 2 ) * L 3O3 -  a (A 2.2b)

2Ae _  A0
From equations 4.4.1 (Hso =  — L o -  - y )  and A 2.2 , the Hamiltonian for the 

valence band is

H v = H so + H „ b + H spm = C 0  +  C , 0 ,  + C 20 \  +  C 30 |  , (A 2.3)

where

C 0 s - ^ 1  - f l * ( S i 1 + 2S?2) ( 3 P + X )  , (A2.4a)
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2A„
C , =  - j -  - 2 a * 2 (S*u  +  2 S \ 2 ) O P + X )  , (A 2.4a)

C 2 E - 3 ^ ( S ^ - S h ) X

and

(A 2.4c)

C 3 = — 6 A»2 ( ^ 1 1  “  S 1 2 ) * (A 2.4d)

The relevant operators are

0 ,  =  L a  ,

0 5 «  l ]  -  U 2

and

(A 2.5a)

(A 2.5b)

0 3 = L 3a 3 -  — L o (A 2.5c)

The relevant w ave functions for [001] stress in G aA s are

A A 
2 ’ 2

= / V c T , (4.4 .6a)

and

1
A 1  
2 ’ 2

(4 .4 .6b)

^ 3  =
_1_ J_ 
2 '  2

V2  1
- ^ / > +Xi + ^ - / > zXT , (4 .4 .3 )

where P + =
^ 2

P x +  iPy J ,  P x , P y , and P 2, are the p-like basis functions, and X |

and X | are the spin basis functions.
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0 \  ^ v 2 -  y <*)v2 » (A 2.6a)

0 {  Q>v2 -  T ^ v 2  *

and

(A 2.6b)

O 3 d>v2  -  -5 - ^ 2
3

(A 2.6c)

U sing the operators A 2 .5  on the w ave function O vl yield

(A 2.7a)

1 ^2 0 \  C> , =  -  d> , + —  <J> ,  ,*-'2 ^ v l  ^  v 1 T 2 ^ v 3  »

and

(A 2.7b)

1 ^2 0 \  <j> , =  — -d> , -  — <j>,^ 3  v 1 ^ v 1 ^  ^v 3 (A 2.7c)

U sing the operators A 2.5  on the w ave function <J>v3 yield

0 \  <t>v3 -  - O v3  , (A 2.8a)

^ 2
0 j < Dv3 = ^ < 1>v1 ,

and

(A 2.8b)

(A 2.8c)

Since the wave functions are orthonormal (i.e ., <  d>, | <t>j >  is nonzero only for 

i =  j ) ,  the matrix elem ents <  <!>, I O k \ * j >  can be obtained from equations A 2.6 ,
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A 3.7 , and A 3 .8 . The on ly  nonzero matrix elem ents <  <J>, | H v \®} >  are 

<<t>,2 l Hv l <f » 2 > = A |  =  C 0 + I c ,  +  i c 2 + | C j  ,

<<Kvl l t f , | 4 > H > ' A ;  =  C 0 + i c ,  - | c 2 - i C j  ,

<  <Dv3| Hv |<I>v3>  = A | =  C q -  C j ,

V2  V2  
<<D v 1 | / 7 v |<I>v3>  = A h = T C 2 ~ —  C 3 ,

and

r~ j—

< O v3 | / / v |<I>v l>  h  A j, =  ^ C 2 - - | - C 3 =  A f3 . 

This yields the matrix

<*v2 <1> 11 *^v3

A 2 0 0

0 A 1 A f 3

0 A f 3 A 3

where the com ponents (from  equation A 2 .9 ) are

A i =  - S E J  -

a ;  =  - s E b  + ^  

AJ = -A „  -  8E]j  ,

and

AZ V2 8 £ ^  
a b = - —  ;

(A 2.9a)

(A 2.9b)

(A 2 .9c)

(A 2.9d)

(A 2.9e)

(4 .4 .7)

(4.4.8a)

(4.4.8b)

(4 .4 .8c)

(4.4.8d)
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bEft = { a \ + 2 S \ 2) Q P  +  X)  , (4.4 .9a)

6 E]fc =  ( a \ - 2a*2 ) ( S i , +  2 5 i2 )(3 P  +  X ) , (4 .4 .9b)

and

8 £oo, = 2 ( b \ + 2 b 22 )(S2u - S \ 2 )X  , (4 .4 .9c)

b E m  = 2 ( b \ - b 22 ) (S2u - S \ 2 )X (4 .4 .9d)

The eigenvalues o f  equation 4 .4 .7  are

(A 2.10a)

and

1

A f+  A j

^ 3  -  T  I A f + ^3
1

[ ( a ; - a | ) 2 +  [

[(Af— Â ]2 + [

13

13

(A 2.10b)

(A 2 .10c)

Equation A 2 .1 0  give the energy o f  the band ed ges o f  the G aA s valence subbands 

v , ,  v 2, and v 3. Note that

}  [ a ; +  a | )  = - ~  - & E f , +
bE 001

(A2.1 la )

and (for bEf i =  bEf,  and b E ^  =  8 £ 00.),

MlA f -  A | 2 A 213
'!> Aa bE  001 bE  &

~ —  +  + -----2 4  2A.
001 . (A2.1 lb)

U sing A 2 . l l ,  equation A 2 .1 0  becom e
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a 7 e r v  , 8 £  001 5 £ ^ ) 1  /  A 1 *> \
K \  =  - & e h +  — + ^ 7 —  + • • ■ . (A 2.12a)

2 2A0

X l 2 = - 6 E// + , (A 2.12b)

and

=  - A 0 -  6 £ / ,  -  -  . . . . (A 2 .1 2 0
2 A„

T o obtain the transitional energy shifts, the shift o f  the conduction band with 

stress is a lso  needed. U sing equation A 2.1a, the strain Ham iltonian 4 .4 .3  becom es

H c = — a 2 |  £ ]]+  £22+ E3 3 1 = f lc(Sji  +  2 5 j 2 ) ( 3 P  +  X  ) . (A 2.13)

Therefore, <  d>c | H c |<J>C >  = A 2 =  0 / ( 5 ]] + 2 S ]2 ) ( 3 P  + X  ). The transitional ener­

g ies are

£ f _vl ( £ ,  X )  h  £^ +  A 2 -  XI, =  Eg + &Ef, -  ^  ^  +  . . .  ,

Ec_v2(P ,  X )  = Eg + A 2 -  X 22 =  Eg + 8 Ef, +  ,

and

    C r  2
£ f _v3 ( P , X )  = Eg + Ac -  =  Eg + Aa +  8Efj  +  +  . . . ,

where 8Ef{ =  ( a 2+ a \ ) ( S 2, , + 2 S \ 2 ) ( 3P  +  X) .  Then, the shifts o f  the transitional 

energies with P  and X  are
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and

A £c_v l( / \  X )  = £ c_v l( / \  X )  -  Ec_v] (P  =  0 kbar ,  X  =  0 kbar)

j.rJ 8 £ooi bE obi
= bEfi -  —- —   ---------- +  . . . ,

2 2A0

AEc_v2(P ,  X )  s  Ec_v2( P , X )  -  Ec_v2(P  =  Okbar , X  =  Okbar)

c  i~ t  ^  001
= &£// + - y -  -

AEc_v3(P ,  X )  = Ec_v2( P , X )  -  Ec_v3(P =  Okbar, X =  (M a r )

J r I  8 £&,
=  8 £ / |  + -^rj—  +  . . . .

2  A*

(4 .4 .10a)

(4 .4 .10b)

(4 .4 .10c)
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A3. GaAs Matrix Elements Under Shock Compression

The relevant w ave functions for [001] stress in G aA s are

d>v 2 = A 2  
2 ’  2

(4.4 .6a)

2  1  
2 ’  2

and

(4.4 .6b)

2 ’  2
"^2 1 
1 J J P +X  i  + (4 .4 .3 )

where P + = [/% + iPy , P y , and P 2, are the p-like basis functions, and Z |

and Z | are the spin basis functions.

From perturbation theory, the first order w ave function is

£ 0 rO J
i  J

(A 3.1)

With

< O v l | / / v |O v3>  s A f 3 = (4 .4 .8 d)

and

<  d>v3| l^v l  >  = ^31 -  ^13 > (A2.12e)

the first order w ave functions are
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* v l = * v l  +
a 23

^ a 7
< I > ,v3

< 2 - 2 •^23
2  +  ^ />,XT

and

V V2 =  ^ T  •

*23
< i> ,v3

2  +  ^ 2
A23

P J l  + V2 -  2 —  
A„ P , * 1

The matrix elem ents are

< 5 X T | e p | ^ v l >  =  - 2  +  ^ 2
A 23

< S X T| e p | T v2>  = M + ,

< 5 X T| e p | T v3>  = V2 - 2
A 23

< S X i | e p | ' P v l >  = V2 - 2
A 23

A#+ ,

< 5 X4,1 e p |'f 'v2> = 0  ,

and

< S X  4 | e p | % 3>  = 2  +  ^ 2
A 23

M +

(A 3 .2a) 

(A 3 .2b)

(A 3 .2c)

(A 3 .3a) 

(A 3 .3b) 

(A 3 .3c)

(A 3.3d) 

(A 3 .3e)

(A 3 .3 0
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w here M z =  < 5 |  e p | P 2 >  =  ^ A / ^ e k  and A/ + =  < 5 | e  p | P +>  =

+  / j ) .

The matrix elem ents | <  c |  e  p | v >  | 2 for polarization || to the (001) stress axis are

| < S X t I  e  p |4 ,v ]>  | 2 = 2 +  ^ 2 -
k23 M l

r-  A 2 3  ( A 9 3 )
4 + 4 V2 —— +  2- M l  , (A 3.4a)

and

| <  S X J  e  p | 4 \ 2 >  1 2 =  0 (A 3 .4b)

| <  5 X7 1 e  p |4 'v3>  I 2 =
r  ' ‘23 \'2  -  2

,-r A23 (A23)
2 - 4 V 2 —  +  4-

(Ac )2
Ml (A  3.4c)

The matrix elem ents | <  c | e p |v  >  | 2 for polarization j_ to the 1001] stress axis are

| < S X | | e - p | V v l > | 2 = ^2 -  2
A 23 2 M l

2 - 4 ^ + 4
A-n (A2 3 )2

(A0 )

Af;

2 ’

(A 3.5a)

and

| < 5 X T| e p | y v2> | 2 = 3Wc2 (A3.5b)
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| <  S X i \  e  p |'F v3>  | 2 = 2  +  ^ 2
A 23 M l

4 + 4 ^ 2 - —  +  2
A 23 „ ( ^ 23)

A» " (Ac ) 2

(A 3 .5c)

Then, the matrix elem ents | < c |  £ p | v >  | 2 for different polarization relative to

the [0 0 1 ] stress axis (to first order in ^ ° ° 1 ) are proportional to
A„

v , 4 1 +
8 E 0

1 -

2 5 £ 0

(4 .5 .8)

25£ooi ' 8 £ooi
v 3 2 1

> 0

2
1 + “ a-Ao
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A4. Electron Hole Plasma Photoluminescence Line Shape

The line shape due to band to band transitions has been given by B eeb and 

W illiam s1-*2  as

/ ( / t v )  =  £ G  \ d %  S d %
1

p (k) (A 4.1)

where G is a constant, are the w ave vectors o f  the electron (hole) in the n lh

I (x) | 2
conduction ( j ' h valence) band, -----------   is the transition probability, and

p ( k )  = p n(k*n) Pj(k*j) is the joint number o f  carriers per d ^ k ^ d ^ .  The number o f  

electrons per d*k*n in the n -  conduction band is given by the product o f  the density  

o f  states and the Fermi function,

dN„

d'k„

2V

(2 tc y
(A 4.2a)

Sim ilarly, the number o f  holes per d k̂*, in the j — valence band is g iven by

dNj

~dW, (271)
(A 4.2b)

The transition probability J -*2  is 

I An_>y(X) |
(A 4 .3 )

where to . .  =  —
1 n

h v  -  ( e„ -  t j  ) j, En(j)0cn(j)) is the electron (hole) energy,

^ a + P ^ V)
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is the tim e independent interaction operator, m„ is the effective m ass o f  the n -  con ­

duction band, V i s  the volum e o f  the EM field, $  is the photon w ave vector  

((2 itv ) 2 =  c 2 | @  | 2), a  is the photon polarization index (i.e ., unit vectors e a  such 

that e a Cp = 8 a p, and £?• e a =  0 ), n g  a  is the number o f  photons with w ave vector  

_> v 2
Q  and polarization e a , p/ i a ( h v )  =  7 T  VEM dCl  d ( h v )  is the density o f  photon

u  he

states, and a is the creation operator for a photon with w ave vector @  and polar­

ization e a . Equation A 4 .3  can be rewritten as

I AZ-jW I 2
X

271 e 2 ( n Q a + l ) P Q a (hv )

EM m l  v

For far field  radiation (relative to EM  w avelength), £ ) r * «  1 and 

<<I>y | e - ^ y e a p\^>n >  = < d > 7 | c a p|<fc„>.  C onsidering on ly  the transitions from  

the low est conduction band (n =  c )  to the tw o valence subbands O' =  1, 2) in zinc- 

blend sem iconductors and using the matrix elem ents given in A ppendix A 4 , the 

transition probability is

I I 2 _

T

2 rt e 2 (na a + i ) p ( ia (hv)

EM m l  v
8  ( n (OCJK j M l v , (A 4.4)

where Mcv is a constant, and %j =  1, 3, for j  =  1, 2 respectively.
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U sing equations A 4 .4  and A 4 .2  in equation A 4.1 ,

/ ( / t v )  =
2 ti/: c '

^  ^  Z, , (A 4.5a)

where

Z s  f d 3j /  ^  y

and

(A 4.5b)

r <//Vc
r r «J<*3*t - j f

d*kc

m c 2 8 ( /iv  -  E c (iic ) + E j t f j ) )

1 +  e

. (A 4 .5c)

T o sim plify calculations, the fo llow in g  (isotropic and parabolic) energy band 

structures are used:

2 L 2

£ f (*c) =
2 m c

and

ti 2 k 2
EJ(kJ) = - E g - A J - - ^ - L  =  E ) = -

n 2k 2 
£ < + A ’ +  ^ / -

=  £ '>  =  -
/i 2 * 22 

£* + Az + 2m,

where mc , m  j, and m 2 are the effect m ass o f  the conduction electron, v l  hole, and 

v 2  hole, respectively.

For /^-selection, k*c +  k*j +  $  =  0. £ y can be written as

E j ( - Z  - & )  =  - E g ~  V "  — EC( Z ) ’ w here A / s  A, +  +  £ _ £ ■ £ ? .  i n
mj ' ' ' 1 2 m} c 2 mj
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what fo llo w s, both the h v  dependence o f  S ’ and the energy difference between S ’

■ ■■ ) ^
and Sj  w ill be neglected. Since the bands are isotropic, d  kc =  4 nk^dkc

=  2n  (2/nc ) 3 /2  ti 3 £ /  d E c . D efin ing the reduced m ass as m rc. =

integrating Yc over Ec y ields

m r m}

m c +  rrij
and

Y =  — -—  
c -  r2 „  2271X

2m, 3/2

( h v  -  Eg -  Sj) '1, f j ( h v )  f c*(hv)  , (A 4.6a)ch/

where

and

1 +  e
3 , ( ^ 1  ( h v - E ,  - A , ) -  uf)

(4.4.14a)

/;*(/«  v )  =
R (OOZL (hv - E , -  Aj) + E,  + A, + j i ,)  

e  ^  + (4.4.14b)

U sing T|j n EHp V Enp  ( =  N j )  to denote the number o f  holes in the j — valence band,

K h v )  =  l a X
™rcj

3/2
h v h v

mc
[ £ * A E j

-  1

x r\j f j ( h v ) f f ( h v )  , (4 .4 .13)

where I0 = G
2 V d a  d ( h v )  McC e 2

a m 2 Hc Hc

2E0

mc c

3/2

n EHP M c

N ote that for isotropic parabolic energy band structures, and consistent with 

the use o f  the Fermi function to approximate the carrier distribution, the quasi- 

Fermi leve ls  are determ ined by the follow ing:



1 ) conduction electron density,

nr =
1 2m c

3/2

2 n 2 x 2
\ d E

<E
1 + e K E - M

2 ) v l  hole density.

n , =
1 2 m  j

3/2

2 tt2 f t 2

(Y  Al) V - £  -  £ .  -  A,

1 2 m i
3/2

2 tt2
. f t 2

3) v2 hole density.

1 2m 2
3/2

" 2 = 2 n 2
. * 2

J * . ^ _____
Pi<*- M»i)

; and

(V A2) V - £  -  £„ -  A ,
J </£

1 2 m  2
3/2

2 ti2 n 2
/  dhr-

Hr2>

where =  - ( £ g + A,  +  n , )  and \ ir2 =  ~ ( £ s +  A2 +  î2).
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AS. Change in the Absorption Coefficient Under Stress

The stress dependent absorption coeffic ien t has been given by Dutta133  as

a ( h v )  = A0j  d 3k 8 * 2 -.2

2h l
+

n2 
2 ^

C W  + c \ } \

k i? + k 2

= A0j d k , h n
2 M,

* 2

2 ^ i
it2

1

8 * 2 * ? " A, -  * 2 k?{
ft2 2 [ 2 ^ , 1 [ 2 l̂l "j

^  r  k 2 + ^  C  k 2 
11 11 2 ^ 7  -  -

3"

2*1
+ -=— k:

1 1+
WC||(X) ffln ,(X)

-1

• =where |ij| =

C , =  and A] = /iv  -  £ ] .  Integration y ields

1 1+
mc ,(X)  m u (X)

4_

T

a  ( h v )  -  Aa n 2 ji, V  2 p ,
J

fi i, 2C,Jk„ + C i A n  1 2
A ' -  * * '

»2 ,2 /til + A, -  *2 *■?
2fi, 11 2 l̂l J

= A0 7l
2 ^ i

*»<•)

J  dk,
t(-)

c . 1 + *
C \\ _

. C i  1̂1 .

* 2*112*i,A ,

1 +  * 2 
2*i,A,

, - i i i
Mu.

k 2 *11

where £z(1) = ±
2 ^|| Aj
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M aking a change o f  variables ( k,, s z ),

a  ( h v )  = A a 71
2 H,

+1

C J
2 h lA i

1 +

dz
2n, A,

E i
c ,

E i
îi

2 h lA l . 2

1 +
2^  | A,

1 -
h i

2 h lA l : 2

A 0 n
2 H,

n2
M \ A \

'A +1 1 +

c j d z

f j l  h i  _  j 

c i h

1 + * - 1 z 2
Vi

2^, 3/2 Hu 3C 1
1 +

k l j d z

E i  E l
c i n.

i + - 1

A 7̂1 - * .'I
Ao ^ - ( a i ) A

2 H,
3/2 l

1 +  (4m -  l ) z 2 

1 + (M -  l ) z 2

where u =
M * )

N ote that w ithout stress, |i|((X =  0 ) =  j i ((X =  0 ) h  fie , \y~x = m ~ l +  m j" 1 

(where mc is the conduction band effective m ass and m , is the v l  valence band 

effective m ass). Therefore, u =  1, and
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a  0 (h v )  =  A 0 ^ - ( 6 ° ) ' l‘
2 | i0

3/2 1 .

dz  1 +  3 z 2 

2 o 1

A 0 ^ ( A ° ) ' *
2  \i0

3/2

where A0 = h v  -  Eg .

From this, the change in the absorption coeffic ien t as a function o f  stress is  

given by

3/2 1

A a  (hv ,  X )  =
A, (X) 'A

H , ( * )

A° Ho

1 + ( 4u  -  1 ) z l  

2  « 1 +  ( u -  1 ) z 2
“ U -

o
(4 .5 .9)

where A j ( X ) = A° -  AE c_v ] (X).
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A6. Effective Lifetime

=D efin ing xeff by p ( x ef f ) s  e

(1  +  bA ) e

Rearranging,

1 +  b A

Taking the log.

A x tff  = In
e + b A 

1 +  b A

Rearranging, yields

V /  =  T  l n
Ae +  b  
A + b

(4 .5 .10a)
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